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ABSTRACT 
Palaeocene Montrose Group sandstones form a regionally extensive sequence of 
stacked sandbodies within the Central North Sea. The diagenetic sequence has been 
characterised as chlorite; micro-dolomite; pyrite; early carbonate concretions; 
dissolution of feldspars; steady precipitation of kaolinite during burial; quartz 
overgrowths increasing during deep burial; late calcite concretions; illite. 
Epigenetic chlorite, and pyrite precipitated within depositional marine porefluids 
(a 180 -0.9%oSMOW). During the late Palaeocene-early Eocene, shortly after deposition 
of the Montrose Group, a dramatic sea-level fall and eastward delta progradation of 
the Moray group resulted in the regional meteoric flushing of the Montrose Group 
sands. This flushing is recorded in the isotopic signatures of early carbonate 
concretions, which indicate that aquifer waters had light meteoric a 18 0 values. 
Many of these concretions precipitated from bacterially-mediated reactions. This 
included fermentation and shallow anaerobic oxidation of hydrocarbons migrating 
3km vertically from the underlying Kimmeridge Clay. Examination of 115 well logs 
shows that locations of vertical migration were structurally controlled, above faulted 
graben edges, or above thick shales along graben axes. Strontium ratios indicate 
that dissolution of detrital calcite supplied the calcium. 
Kaolinite volumes are usually 2-4%; anomalously high volumes of kaolinite (up to 
12%) are found close to deltaic palaeo-shorelines and may represent precipitation 
during vigorous meteoric flushing of the sandstones. Kaolinite isotopic compositions 
throughout the Central North Sea indicate that precipitation took place within mixed 
meteoric-marine pore fluids, whilst surrounding marine shales compacted into a 
meteoric aquifer, over a temperature range of 30-8S·C. Deuterium values are 
unusually depleted -53 to -76, and suggest a combination of meteoric water and 
organic interaction. 
Quartz cement appears to be generally depth-controlled and forms about 4% at 8,SOOft 
burial. There is also a possibility of 8% quartz overgrowth adjacent to salt diapirs. 
Secondary porosity does not vary much with depth, always being 2-4%. This· 
indicates that any increase in porosity due to dissolution of feldspars has been 
thwarted by continued compaction and no net increase of porosity has occurred. 
During precipitation of late calcite concretions, pore-water a 18 0 was isotopically 
marine and C supplied by decarboxylation. This indicates that porewaters had 
become dominated by the introduction of evolved-marine compactional waters from 
overlying Palaeogene mudrocks. Late carbonate concretions contain up to 10% 
M nCO 3 and are enriched in radiogenic 87 Sr compared to Palaeocene shell ratios. This 
trend is similar to that noted in cements from the underlying Chalk. It is possible 
that strontium-rich fluids may have been transferred vertically into the Palaeocene 
from the deeper-buried Jurassic sequence. 
Porosity-depth profiles from conventional core analysis data in 42 wells show 
porosities of 22-36%, with permeabilities of 40-3,000mD at 5,700-9,200ft. The 
dominant controls are depositional facies, and compaction. Dewatering structures 
can reduce vertical permeability by lOx. Authigenic chlorite maintains high 
porosities, but with permeability reduced by lOx. Vertical gradients of porosity and 
of permeability with depth exhibit "bow curves", which· decrease at the top and base 
of each channel sand unit. Shorter core lengths give systematically higher rates of 
porosity decline, due to insufficient sampling of depositionally thick channels, 
whereas cores longer than 30m give gradients of 5-13%.km- 1. Porosity varies 
regionally, but no regional variation of decline-gradient was found. 
R.N.T.Stewart PhD University of Glasgow 1996 
Regional diagenetic porosity changes in Palaeocene oilfield sandstones, UK North Sea 
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Chapter 1 Introduction 1.1 
1.1 Introduction 
1.1.1 Importance of diagenesis 
As oil production world-wide has progressed to reservoirs at deeper burial depths, it has 
become apparent that diagenetic mineral cements have an important effect upon rock 
properties. These non-depositional authigenic minerals affect sandstone reservoir 
quality in the North Sea reservoirs; for example quartz cements reduce porosity (Giles et 
a1.1992), hairy illite reduces permeability (Goodchild & Whitaker 1986), authigenic 
chlorite prevents quartz cementation (Tonkin & Fraser 1991), and extensive carbonate 
sheets result in compartmentalisation of sandstone reservoirs (Sommer 1978; Blackbourn 
1984). 
In the UK, the rise in interest inte diagenesis resulted from the combined factors of; the 
search for petroleum within British waters Figure 1.1, 1.2, (Bain 1993), and 
improvements in laboratory instruments, particularly the scanning electron microscope 
(Waugh 1970, Pittman 1972). Offshore drilling has enabled recovery of in-situ 
unweathered rock samples (up to Skm burial, 200°C), and a sense of urgency and 
relevance to discover the rock properties of sandstones. The effects of deep burial are 
important so that at least the range in porosities and permeabilities of an undrilled 
prospect can be assessed. However the wide spread of porosities and permeabilities 
remains a problem, and additional methods of reducing the uncertainties of poroperm 
predictions are still needed. 
Diagenetic studies within North Sea sandstones have concentrated on the Rotliegendes 
eolian gas reservoir of the southern North Sea (Glennie et ale 1978; Arthur et ale 1986) 
and the shallow marine-deltaic mid-Jurassic Brent Group sandstones (Hancock & Taylor 
1978; Giles et ale 1992). In particular, the vast amount of data generated from studies 
into the diagenesis of Brent sandstones has provided diagenetic models from which to 
compare other reservoir horizons. There are several factors to be taken into 
consideration when interpreting data which may have affected diagenetic processes. 
Such factors are detrital mineralogy, facies architecture, pore-water evolution, organic 
content of sediments. Perhaps surprisingly, although identical data is used, 
interpretations from diagenetic workers can be at loggerheads;- a) One debate concerns 
the source of pore waters; this relates to interpretations of oxygen isotopic compositions 
of authigenic minerals and interPretations of the palaeo-temperatures of quartz 
overgrowth derived from fluid inclusion measurements. Are porewaters modified by 
meteoric influx into reservoir horizons during sea-level fall, and fluid inclusions reset 
during burial (Haszeldine et ale 1992; Osborne & Haszeldine 1993)? b) Are these 
poreflui~s influenced by hot brines expelled upwards along faults by underlying 
compactmg sediments, (Burleyet ale 19S9; Burley 1993) or can authigenic minerals . 
precipitate without requiring unusual conditions? c) Another debate concerns the open-
ness of the geological system. Is the sandstone dosed (Bjorlykke 1984) or open (Gluyas 
& Coleman 1992) to export and import of ions during cementation? 
1.1.2 Rationale for this study . 
The chemical and isotopic signatures of authigenic minerals are often specific to 
precipitation processes. To understand why these minerals are present, it is necessary to 
undertake detailed petrography and chemical and isotopic analysis of mineral separates. 
Results are normally interpreted in terms of; i) detrital mineralogy ii) mineral-organic 
reactions iii) differing hydrogeological regimes iv) burial history. Sufficient studies have 
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now been carried out within the Jurassic sandstones of the Northern North Sea, Figure 
1.3 (Brown 1991), so that ancient hydrogeological regimes can now be reconstructed 
and modelled with a certain degree of confidence (Haszeldine et al. 1992; Macaulay et al. 
1993). Not so the Palaeocene. Although the Montrose Group, Figure 1.4 (Deegan & 
Scull 1977), forms the most important reservoir horizon, by volume of oil, within the 
Central North Sea (and second only to the Brent Group in the North Sea as a whole), 
neither sufficient individual studies have been undertaken nor any regional studies. Thus 
it was decided to undertake a regional diagenetic study of the Montrose Group 
sandstones, Figures 1.1,1.4 (Rochow 1981). The Montrose Group forms a particularly 
relevant unit for study as it forms a widespread composite sandbody sub-cropping at 
burial depths of a few hundred metres in the Moray Firth to three thousand metres in the 
Central North Sea. 
Diagenetic studies have previously concentrated on the important Brent Group reservoirs 
within the Northern North Sea, and hence diagenetic processes are primarily deduced 
from data gathered within this unit. The Montrose Group provides an opportunity to 
test these concepts, by way of examining shallow-buried sandstones which overlap with 
the Brent Group in burial depth and also by examining sandstones deposited after any 
possible effects of Palaeocene volcanism. Is there a fundamental difference in 
cementation between the Brent and Montrose Groups, or was cementation in each 
Group controlled by burial temperature in a locally closed system? 
1.2 Geology 
The UK Sector of the North Sea has been divided into Quadrants which are futher 
divided into 30 Blocks. Quadrants boundaries are defined by longitude and latitude 
single degrees. Quadrants are divided into 6 (vertical) x 5 (horizontal) array of Blocks. 
The convention for identifying individual Blocks is to use the Quadrant number and the 
Block number (1-30) separated by a slash; i.e. 15/20 is Block 20 in Quadrant 15. 
Individual wells are separated by a dash and are numbered in consequetive order; i.e. 
16/28-6 is the sixth well drilled in Block 28 of Quadrant 16. 
1.2.1 Pre-Montrose Group 
This is described in Glennie (1992). The late Triassic Cimmerian 'orogeny' records 
rifting at the creation of the Witch Ground Graben, Central Graben and Viking Graben 
s~stems. The Triassic here is represented by thin continental red beds of mudstone and 
siltstone. Tectonic activity is evident from the presence of conglomerates, composed of 
red~bed boulders and pebbles, along fault block scarps. . These grabens began to subside 
~ap~dly during the Triassic when development of the East Shetland Platform was 
trutlated. They reached their maximum structural development by. the beginning of the 
Cretaceous as a result of Mid-Jurassic domal uplift and widespread erosion, especially 
centred over the axis of the Central Graben. 
Late Jurassic to earliest Cretaceous strike-slip movements and fault-block and minor 
rotations within and adjacent to the Viking and Central Grabens probably coincided with 
the opening of the central Atlantic and rifting between Iberia and Newfoundland. Lower 
Jurassic rocks are absent within the Central North Sea and mid-late Jurassic clastic rocks 
are represented by thin transgressive marine sandstones. These may be absent over 
contemporaneous dominant positive structural features such as the Fladen Ground Spur 
and the Forties Montrose High, probably through non- deposition. The late Jurassic 
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clastic sequence is overlain by the organic-rich marine Kimmeridge Clay Formation, the 
source rock for hydrocarbons. The thickness and distribution of the clay appears to 
have been controlled by syn-depositional faulting. 
A thin sequence of early Cretaceous claystones and marls marks the continuation of 
rifting and the onset of Cretaceous marine incursion. Deepening and onlap of the 
Cretaceous sea during thermal sag after rifting, led to the deposition of the Upper 
Cretaceous marls and chalks. Chalk sedimentation continued into the Danian as 
represented by the Ekofisk Formation. 
1.2.2 Montrose Group 
The early Tertiary marked the transition from late Cretaceous and Danian pelagic 
carbonate sedimentation, with low terrigineous input, to the accumulation of vast 
thicknesses of clastic sediment deposited in deltaic, shelf and submarine-fan 
environments (Stewart 1987). This rapid change is believed to be the result of uplift, 
erosion and the eastward tilting of the Shetland Platform, Figure 1.5. This was located 
to the north-west, and uplift was associated with the last phase of the opening of the 
North Atlantic Ocean. 
The pre-Tertiary structural configuration controlled the deposition of the early Tertiary 
sediments. Consequently the early Montrose Group sediments accumulated in the axial 
regions of the Mesozoic grabens, with no or little sedimentation over the previously 
emergent highs such as the Forties Montrose High. The Montrose Group consists of 
three lithostratigraphic units, the Maureen, Andrew and the Forties Formations, Figure 
1.4. These were deposited as major sand-bodies during separate falls of relative sea-
leve1. 
The Formations were deposited as high density gravity flows in sand-dominated 
channels. These were fed from a series of sediments from the Moray Firth. The 
Montrose Group was ultimately derived from Devonian-Carboniferous deposits on the 
Fladen Ground Spur platform, and some first cycle Highland metamorphic terrane debris 
(Morton 1979; Morton 1982; Morton 1984; Morton 1993). 
The basal Maureen Formation was sourced from north of the Halibut Horst and off the 
East Shetland Platform. The sandstones are generally thin within the Central North Sea 
area (-20m thick) but form laterally continous sand-rich lobes in the Central Graben 
area. Abutting the Jaeren High is an 80m thick section of Maureen sandstones which 
apparently bypassed basin margins during deposition. The Maureen Formation contains 
a high proportion of chalk detrital material. 
The Andrew Formation is by far the largest sandbody and reaches its greatest thickness 
within the Witch Ground Graben (440m) though generally> 120m thick within the study 
area. It was sourced from the north and south of the Halibut Horst. Overall sand-mud 
ratios are high throughout the Central North Sea (>40%) and at least >60% within the 
Witch Ground Graben and into the upper blocks of UK Quadrant 22. 
The Forties Formation is present within the Witch Ground Graben as a series of thin 
mudstones and sandstones «60m), but thickens considerably within the Central Graben 
to reach a thickness of 120m. These sands in the Central Graben were apparently 
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sourced from south of the Halibut Horst. There is more pronounced sediment by-pass 
of basin margins with sand:mud ratios increasing into the Central Graben. Ratios are 
>60% within this area though linear sand lobes several km across are apparent. 
One of the most controversial aspects of early Tertiary sedimentation in the North Sea 
basin is the question of water depth. Parker (1975) and Zeigler (1981) argue for water 
depths up to 915m (3000ft) but not less than 180m (600ft). Beggren & Gradstien 
(1981) indicate that palaeo-bathymetry did not control the faunal assemblage. 
Agglutinated foraminifera could develop in water depths as little as 200m but depths of 
300 to 500m are equally likely. Morton (1982) argues that similar sedimentary facies 
occur on either side of the basin margin in the southern Viking Graben and sediment 
flowed depositionally northwest to southeast. Consequently water depths could not 
have been deep in the basin centre. He suggests that these water depths could have 
reached between 300 to 400m (1000ft to 1,300ft). Jones & Milton (1994) suggest a 
800m (2625ft) relative sea-level fall during the progradation of Moray Formation deltaic 
deposits, indicating that they consider the early Palaeocene Central North Sea was a deep 
basin. This concept was generated by seismic stratigraphic analysis. 
Volume balance of sediment supply calculated by Den Hartog Jager et al. (1993) 
indicates that less than lkm uplift on the East Shetland Platform and Scottish Highlands 
is necessary to supply Palaeogene sediments to balance sediment budget estimated for 
the Central North Sea. 
1.2.3 Post-Montrose Group Geology 
Disconformably overlying the Montrose Group within the Outer Moray Firth is the 
Upper Palaeocene clastic deposits of a prograding deltaic sequence, the Moray Group 
(Deegan & Scull 1977; Rochow 1981). This is up to 500m thick and contains some in-
situ delta-plain lignite. A thin veneer of mudstones is present at this horizon in the rest 
of the Central North Sea. Towards the close of Palaeocene subsidence, in the axial part 
of the graben system, mudstones of the Sele Formation were deposited in dysaerobic 
conditions. Deposition of the tuffaceous claystones and mudstones of the Balder 
Formation followed at the end of the Palaeocene. This formation is a wide-spread 
Pa!aeocene-Eocene boundary marker. The Hordoland Group, of Eocene to late . 
Ml~cene age and the Nordland Group oflate Miocene to Pliocene age were deposited as 
basm~ muds with localised channel sands and turbidity flows. The two groups have a 
combmed thickness of lS24m (SOOOft) to 1829m (6000ft). A composite sub-aerial 
unconformity cut down into late Eocene deposits in the Outer Moray Firth, and extended 
into UK Quadrant 15 around 40Ma. 
1.3 Previous work - diagenesis . . 
Relatively few papers relating to Lower Tertiary reservoir sandstone diagenesis have 
been published (Pagan 1980; Stewart et al. 1993; Watson 1993; Stewart et al. 19~4). 
Within descriptions of individual oilfields, the diagenesis is usually considered as slight, 
and there are no detailed published studies on the effects of compaction and the 
cementation in these sandstones. 
Early papers concerned with diagenetic alteration within Tertiary sediments of the North 
Sea discussed the dissolution of detrital heavy minerals (Morton 1979; Morton 1982; 
Morton 1984; Morton et aI. 1993). Three conclusions from these papers which are of 
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interest to clastic diagenetic studies are:- i) during burial, provenance heavy minerals 
dissolved out as a result of increase in temperature (Morton 1982). ii) the presence of 
apatite deep within the Palaeocene (3000m burial) was seen being an indication that 
acidic pore-fluids had never been present within the sands.(Morton 1982). iii) in parts of 
the Outer Moray Firth (Morton 1984), within the prograding Moray Formation deltaic 
sequence, (Deegan & Scull 1977), early diagenetic dissolution of minerals such as 
epidote, staurolite and sphene was attributed to flushing by acidic groundwaters. 
The occurrence of carbonate cemented horizons within the sandstones forms a notable 
feature and is commonly referred to in papers relating to Montrose Group sandstones. 
Even the earliest paper on lower Tertiary sandstones (Thomas et aI. 1974) mentions the 
presence of hard-cemented impermeable calcite layers within massive sandstones. 
Carman and Young (1981) added little in their later study on Forties Field, 21110, 22/6 
indicating the occasional presence of carbonate cements in massive sandstones, at 2300m 
(7540ft) present day burial. 
In the most comprehensive review of North Sea fields (Abbotts 1991) details of several 
Palaeocene Central North Sea fields are summarised. The most detailed descriptions 
come from:- Maureen Field (Cutts 1991) (16/29, -8700ft, 2650m burial depth). 
Here the briefparagenetic sequence is:- -
- early calcite cementation 
- minor quartz overgrowths 
- minor kaolinite cementation 
- chlorite cementation 
- late calcite cementation 
-minor grain dissolution/welding (throughout diagenetic history). 
Overall diagenesis is described as 'mild' which resulted in good preserved porosities. 
The principal diagenetic event is recognised as chlorite cementation. Although this 
occurs in minor quantities it has a significant detrimental effect on permeability by 
occluding pore throats. Calcite cemented horizons within massive sandstone units are 
also noted. These cements are described as being common at sandstone/shale contacts. 
In the study of Arbroath and Montrose Fields, 22117, 22/18, (-8250ft, 251 Om burial 
depth) diagenesis is described as a late event (Crawford et al. 1991). Authigenic phases 
are quartz, calcite, kaolinite and chlorite cements. None of the cements are significant 
porosity occluders, the main effect has been to reduce permeability. However, though 
not noted, large concretions several feet in diameter are clearly present in their type log 
(their figure 6). 
The main diagenetic feature in the Balmoral Field, 16/21, (-7000ft 2130m burial; Tonkin 
& Fraser 1991) is the presence of calcite cemented zones which act as permeability 
'hames'. These can be up to 5ft thick but of unknown lateral extent and are presumed by 
the authors to have precipitated from the early breakdown of organic material. Early 
diagenetic chlorite and illite grain coating clays is reported to have prevented 
precipitation of quartz overgrowths. 
Another Forties Field paper, (Wills 1991),21110,22/6, refers to sandstones as poorly 
lithified with minor cementation. Authigenic phases; kaolinite, illite and chlorite are not 
abundant and have only minor detrimental effect on reservoir properties. In the Nelson 
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Field (22111), diagenesis is mentioned as being moderate (-7 500ft, 2290m present day 
burial; Whyatt et al. 1991). The cementing phase throughout the sands is quartz 
overgrowth. However volumetrically the most important phase is ferroan calcite, 
occurring as randomly distributed concretions, 0.3 to 2m in diameter. 
Palaeocene reservoir sandstones of the Everest trend, 22/9,22110, (-8500ft, 2590m 
burial) have been studied by O'Connor and Walker (1993). Reservoir properties relate 
to depositional environment. Low porosity/permeability sandstones are affected by 
secondary ferroan calcite which is the dominant control on porosity/permeability. These 
cemented sandstones are generally near to the base of the sequence and the relate the 
increase in calcareous cement as being due to the proximity of alkaline, calcitic pore 
waters derived from the underlying chalk of the Ekofisk Formation. Secondary porosity 
exists within the Forties Formation as leached feldspar grains and large dissolution voids. 
1.4 Aims of thesis 
The aims of this thesis are to -
- explain the main processes controlling porosity and permeability within the sands, 
- regionally characterise isotopic compositions of authigenic carbonate cements, 
- regionally characterise the isotopical compositions of authigenic kaolinites, 
- relate composition of authigenic cements to pore-fluid histories taking into account 
basin geometry and geological history, 
- compare the paragenesis and diagenetic processes of Palaeocene sandstones with the 
intensely studied Brent province. 
1.5 Analytical Techniques 
Analytical facilities available during this project were 
- standard petrography 
- cathodoluminescence petrography 
- scanning electron microscopy was used on rock stubs to determine morphologies and 
habits of authigenic minerals. Polished thin-sections were made for back scattered 
analysis on the SEM. 
- X-ray diffi-action was used to determine purity ofmineral/separate 
- computer programs were used to create crossplots on MacIntosh computers 
(Kaleidegraph v2.0). 
- carbon and oxygen isotope extraction lines for carbonate separates, at Scottish 
Universities Research and Reactor Centre (SURRC), East Kilbride. CO2 gas produced 
was purified and then analysed on a VO Isogas SIRA-10 mass spectrometer for carbon 
and oxygen isotopic compositions. 
- oxygen and hydrogen isotope extraction lines for clay separates at SURRC. A VO 
Isogas SIRA-10 mass spectrometer was used to analyse resultant CO gas for oxygen 
isotopic compositions. Hydrogen was analysed on aVO-Isotopes Micromass 602 
spectrometer. 
87S / 86S' .. 
- r r analysIs of carbonate separates usmg standard Ion exchange columns at 
SURRC. Strontium was analysed on a VO- Isomass 54E thermal ionisation mass 
spectrometer. 
-core examination and BP poroperm data. 
1.6 Summaries of chapters in this thesis 
1.6.1 Chapter 2 
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This chapter concentrates on interpreting the isotopic compositions of carbonate 
concretions. These were sampled from 10 wells spread across the Central North Sea 
from depths ranging from 830m (2725ft) to 2750m (9022ft) burial. Minus-cement 
porosities indicate that concretions grew at a variety of depths. Data were divided into 
four groupings based on isotopic values; these also coincided with geographical areas, 
defined by geological structures. 
Early concretions precipitated from organic mediated reactions; sulphate reduction, 
anaerobic hydrocarbon oxidation and fermentation. Oxygen isotope compositions of 
early concretions indicate that sulphate reduction took place within marine porefluids 
while the later concretions grew in predominantly meteoric water. Late concretions in 
areas distal to palaeo-landmass have constrained carbon isotope values 813C = -10 to 
+2%oPDB indicating that carbon supply was by way of decarboxylation and detrital 
carbonate dissolution. Here the oxygen isotope compositions suggest that pore-waters 
were marine during precipitation. 
Strontium ratios of concretions can also be divided. Early concretions have values close 
to that of detrital Palaeocene carbonates. Late concretion values indicate that these 
contain an additional radiogenic component either from the dissolution of radiogenic 
silicates or from Zechstein salt waters. 
1.6.2 Chapter 3 
This examines the regional distribution of carbonate cements in the Montrose Group. 
100 cored and non-cored wells were selected to span the geography of the Central North 
Sea. Signatures from electric logs were used to define the sandstones themselves, and 
the thicknesses of concretions within sandstones. The distribution of concretions is 
illustrated on a map. This shows that concretionary horizons generally forms between 3 
- 7% of core thickness. However there are three broad areas where there is enhanced 
carbonate cementation. These are along graben flanks, along graben axes and distally 
down palaeo flow towards the graben system. Combined with earlier isotopic data from 
sampled concretions, the processes forming these cements are tentatively ascribed to 
have resulted from i) the higher percentage of detrital carbonate material carried into the 
graben systems, ii) the interaction of hydrocarbons with meteoric influx. into the sands; 
carbonate cements precipitated within the mixing zone of these two fluids. The 
hydrocarbons are suggested to by oil migrating from the deeper Kimmeridge Clay 
Formation, and iii) organic acids created earlier by decarboxylation influenced by higher 
heat flows around salt diapirs or from deep fluids moving vertically from underlying 
sediments through fractures created by salt domes. 
1.6.3 Chapter 4 
This examines the origin of pore waters affecting growth of diagenetic kaolinite clay. 
Kaolinite is a ubiquitous mineral within Montrose Group sandstones. It is present in 
two morphologies, as a ragged vermiform habit, and as booklet kaolinite. Booklet 
kaolinite is predominant within deeper wells, while vermiform kaolinite is present within 
shallower wells. With depth the precipitation habit changes from vermiform kaolinite to 
the booklet morphology. Within most wells kaolinite makes around 2% of rock volume. 
However in wells 15/26-3 and 15/26-4 distinctly ragged, vermiform kaolinite makes up 
to 12% of the rock volume. Isotopic analysis indicates that there is very little variation 
in composition between the two kaolinite morphologies. On an interpretative 80_8180 
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crossplot, temperatures of precipitation vary from 45 to 70°C within a porewater of 
between 0180 = -5 and -3%oSMOW. The simple interpretation is that both kaolinites 
grew at overlapping temperatures within pore-water modified by meteoric influx. 
Meteoric waters are presumed to have entered the sandstones during relative sealevel fall 
in the late Palaeocene-early Eocene. 
1.6.4 Chapter 5 
This uses compilations of laboratory measurements of porosity and permeability from 
115 cored wells. The same depositional facies - channel-sandstones was examined in all 
cases. Porosity variations of the sandstones are controlled by depositional de-watering 
structures which define the upper boundary of individual flow units. Gradients of 
porosity-decline, vertically within the Palaeocene, are similar to shallow buried Brent and 
to trends of shallow buried sandstone in the Norwegian sector of the North Sea. 
However at depths greater than 2591m (8500ft) burial, gradients of porosity-decline 
increase rapidly in a manner similar to that of Brent sandstones. Within the East Central 
Graben area however porosity gradients decline at a higher rate. This may be due to 
decrease in sorting or an increase in authigenic minerals. 
1.6.5. Chapter 6 
The relatively shallow burial of the Palaeocene sandstones provides an opportunity to 
compare processes controlling diagenesis and early paragenetic sequences with those 
which operated in more deeply buried Brent sandstones. This enables testing of the 
hypotheses that diagenesis within the Brent sandstones was either affected by unusual 
geological events, or was controlled by temperature (depth) driven reactions. 
The wide range of isotopic, Ol3C and 0180, compositions within early concretions from 
the Palaeocene are similar to that of the Brent Group indicating that a similar range of 
organic reactions controlled early precipitation within both sandstones. However no 
late ankeritic carbonates are seen within the Palaeocene, even though these are 
commonly seen within the Brent Group. Late carbonates in the Montrose Group, 
precipitated by processes of decarboxylation, enclosing quartz overgrowth are Mn-
calcite. 
While kaolinite volumes are low within most wells, the ragged vermiform kaolinite 
morphology and large volumes within Palaeocene wells close to palaeo-shorelines are 
similar to Brent kaolinites. This suggests that processes precipitating kaolinites within 
these reservoir horizons were similar. 
Quartz cement volumes at 2740m (9000ft) are similar «5%) to that of shallow Brent 
Group sandstones. At burial depths around 2590m (8500ft) volumes start to increase 
suddenly. Within Brent Group sandstones this increase in quartz cement commences at 
2740m (9000ft). This may be a depth/temperature controlled reaction within both 
sequences. Within Montrose Group shallow sandstones (2250m, 7380ft) in close 
proximity to underlying Zechstein salt-domes, quartz cements form volumes similar to 
that expected at 2740m (9000ft). This may be related to either higher heat flow around 
the vicinty of salt domes accelerating pressure solution reactions and/or organic fluids . 
produced within organic-rich muds in the Palaeocene or introduced into the Montrose 
Gorup from underlying Jurassic sediments through fractures created by salt diapirsm. 
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Exceptionally saline pore-waters hi porewaters of Montrose Group sandstones in the 
vicinity of salt diapirs indicates some degree of vertical cross-formational flow. 
1.7 Conclusions 
In summary, Montrose Group sandstones show similar processes of compaction and 
diagenetic cementation to mid-Jurassic Brent Group sandstones. Unexpected findings 
from this study include the evidence for cross-formational flow of hydrocarbon. 
Fractions of these hydrocarbons were oxidised to bicarbonate which later precipitated 
calcite cements. Also the evidence for cross-formational flow of saline fluids - which are 
somehow linked to additional quartz cementation. Poroperm within sandbodies is 
controlled primarily by depositional subfacies. Calcite cements in particular nucleate 
onto de-watering concentrations offines at the top of sandstones. Meteoric water 
displaced depostional marine water at an early stage of burial. However it is not likely 
that continuous long term flow through the Montrose Group occurred. Secondary 
porosity has formed continually from early burial, but has been controlled by distinct 
processes of fluid flow in a shallow open system, followed by deeper dissolution in porewaters 
made acid by hydrocarbon maturation. 
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Figure 1.1 Regional map of the North Sea: WGG - Witch Ground Graben, SIlli - South 
Halibut Horst, FBB - Fisher Bnk Basin. 
Figure 1.2 Palaeocene and Eocene oilfields discovered within the North Sea showing 
number of Quadrants (Bain 1993) 
Figure 1.3 Stratigraphic column of the North Sea (Bain 1993) 
Figure 1.4 Stratigraphic column of the Palaeocene to Recent (Deegan & Scu1l1977) 
Figure 1.S Palaeogeographical map during the Palaeocene (Rochow 1981). 
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CHAPTER 2 ISOTOPIC COMPOSITIONS OF OILFIELD DIAGENETIC 
CALCITE WITHIN PALAEOCENE SANDSTONES, CENTRAL NORTH SEA. 
2.1 Abstract . 
Carbonate concretions from ten wells cored in the Palaeocene Montrose Group 
sandstones, Central North Sea have been studied. Petrographic and isotopic ( 13C/2C, 
180 /160 87 86 . Sri Sr) analyses have been carned out. 
Four regional groups have been defined dependent on carbon and oxygen isotopic 
compositions: (1) A shallow burial proximal setting where calcite has been precipitated 
during sulphate reduction and sheWchalk dissolution within cool predominantly 
depositional marine fluids. (2) A graben axis setting, where calcite precipitated as a 
result of the interaction of meteoric water flushing and bydrocarbon degredation. 
Anaerobic oxidation of hydrocarbon has taken place which resulted in calcite 
precipitation (-30 to -15%oPDB) during shallow «500m) burial. Bituminous stains 
within these concretions indicate that the hydrocarbon source may have been early 
migrating oil. (3) A graben flank: setting, distant from the early oil migration path 
characterised by high Ol3C compositions +9 to + 12%oPDB. Fermentation of detrital 
organic material and shell dissolution supplied carbon within predominantly meteoric 
water. (4) A distal setting where petrographically late calcite concretions were sourced 
from the dissolution of detrital carbonate and decarboxylation of organic carbon within 
depositional marine pore-fluids. 87Sr/86Sr ratios for groups (1), (2), and (3) are similar 
to detrital carbonate ratios (Cretaceous Chalk and Lower Palaeocene shells). Group (4) 
wells have a radiogenic component indicating that there was an input from the 
dissolution of silicate minerals. 
2.2 Introduction 
Understanding the geochemistry of carbonate cemented horizons within clastic 
sequences is of interest to petroleum geologists, as the timing of carbonate cementation 
can be important for predicting the effect on poroperm across a reservoir. 
Concretionary horizons can reduce permeability/porosity, act as barriers or baffles to 
fluid flow (oil migration or production), and if extensively developed result in 
compartmentalisation (Bryant et al. 1988; Smalley et at 1989; Bjorkwn & Walderhaug 
1990; Giles et al. 1992). Within the North Sea, many geochemical studies of 
authigenic carbonates have been undertaken, particularly on the economically important 
mid-Jurassic Brent Group sandstones (5.56 Bbbl ultimate recoverable reserves, North 
Sea UK Sector Brennand et a1. 1990; Hamilton et a1. 1987; Burley et al. 1989; 
~aszeldine et al. 1992; Giles et al. 1992; Glasmann 1992). However for the similarly 
Important Palaeocene reservoir sandstones (2.99Bbbl ultimate recoverable reserves, 
Brennand et al. 1990), surprisingly few studies exist devoted to diagenesis and the 
construction, and interpretation of paragenetic sequences (pagan 1980; Stewart et al. 
1993; Watson 1993). 
In this paper authigenic carbonate concretions from the Montrose Group sandstones 
~e described. Carbonate separates have been analysed for their geochemical and 
lSotopical compositions. This is integrated with petrographic data and palaeo-
geographic location to interpret pore-fluid evolution in the Paleocene sandstones. 
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2.3 Geological Setting .. 
The Palaeocene Montrose Group, (Deegan & Scull 1977), is a sequence of submarine 
fan systems which form extensive sand- rich basin-floor aprons in the Central and Witch 
Ground Grabens (Stewart 1987), Figure 2.1. The sands are similar to braided channel 
deposits laid down in mid-fan suprafan lobes as described by Walker (1978). The 
Montrose Group has been divided into three similar stacked lithostratigraphic units; the 
Maureen, Andrew and Forties Formations (Deegan & Scull 1977), Figure 2.2. The 
similar sand-rich massive lithofacies and submarine channel depositional facies which 
make up these formations make formation boundary identification a contentious issue. 
Published regional thickness estimations are based upon seismic stratigraphy. 
The basal Maureen Formation overlies Cretaceous Chalk and contains a high 
proportion of carbonate debris and marls. The maximum thickness of the Maureen 
Formation varies between 100-ISOm (Sequence 2 of Stewart, 1987); and 80-100m 
(sandstone thickness T20, Roger Anderton, BP Exploration, Aberdeen, pers. comm). 
The Andrew Fan is more extensive than the younger Forties Fan though both are 
centred over the Outer Moray Firth and Central Graben. In cross section the Andrew 
Formation displays a giant wedge shaped geometry which is at its thickest within the 
Witch Ground Graben; 400-S00m (Sequence 3 of Stewart, 1987); 700m (Andrews Fan 
of Den Hartog Jager et al., 1993); 440m (sandstone thickness T30, unpublished BP 
data Roger Anderton BP Exploration, Aberdeen pers. comm.). 
Within the Witch Ground Graben area the Andrew Formation is overlain by thin Forties 
Formation equivalent silt/mudstone unit. Within the Central Graben, the Forties 
Formation is built up of isolated channel systems (approximately 2.S-4km wide) 
enclosed bylevee and hemi-pelagic muds with resultant low connectivity between 
channel systems (Den Hartog Jager et al. 1993). The maximum thickness according to 
different authors is between 100-20Om (Sequence 7 of Stewart 1987); up to 410m 
(Forties Fan, Den Hartog Jager, 1993); 120-140m (T40 sandstone thickness, Roger 
Anderton, BP Exploration, Aberdeen pers. comm.). 
The ability of these sandstones to transport fluid over regional distances has been the 
result offour factors; regionally high sand/mud ratios (Stewart 1987), hydrostatic 
pressure of the Lower Palaoecene sandstones (becoming overpressured moving east 
~d south towards Quadrants 23,29, and 30) (Cayley 1987), lack of major faulting 
smce deposition, and high connectivity between sand bodies resulting from stacked 
channel systems, though this decreases within the Forties Formation particularly within 
the Central Graben (Den Hartog Jager et al. 1993). 
Within the Palaeocene sands, the result of rapid deposition and recycling of Mesozoic 
S~d~tones from the East Shetland Platform resulted in regionally high sand/mud ratios 
Within the Montrose Group (Knox et al. 1981). Sand percentages within most of the 
Central North Sea for Andrew Formation equivalent, Unit B according to Knox et al. 
(1981) are greater than SO%. 
Lower Palaeocene sandstones are predominantly hydrostatically pressured (Cayley 
1 ?87). The widespread hydrostatic pressure throughout most of the Central Graben 
gIves way to increasing abnormal pressure as the sands dies out to the south and east in 
quadrants 23,29 and 30. Local pressure increases associated with Tertiary salt diapirs 
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may be due to deep charging (Cayley 1987). Produced fonnation waters from the 
Tertiary oil fields in the East Central Graben are highly saline (Crawford et al. 1991, 
Maliva et al. 1995), indicating that waters associated with Zechstein have also migrated 
vertically (Bjorlykke & Gran 1994). 
No major faults cross the Palaeocene sandstones (Milton et al. 1990). Sand deposition 
was within and along pre-existing Mesozoic graben systems. The lack of major faults 
crossing the Tertiary clastic system means that on a regional scale the normally 
pressured aquifer system remains laterally continuous and not compartmentalised. 
The extensive sheet-like morphology of the submarine fan deposits show high-energy 
amalgamated channelised sands, interbedded with deposits representing lower energy 
unconfined flows. The Palaeocene submarine fans especially the Andrew Fan and the 
base of the Forties Fan have these characteristics. The Andrew Fonnation is made up 
of amalgamated submarine channels of high connectivity between them (Den Hartog 
Jager et al. 1993). Higher parts of the Forties Fonnation bear more resemblance to a 
channel level complex with more confined channels (Den Hartog Jager et al. 1993). 
These deep water fans comprise a thick net/gross stacked channel sequence in 
Quadrants 21 and 22 which shale out to the south-east in Quads 29 and 30. Thin distal 
turbidites fringe the main sand lobes (Cayley 1987). Distinct channel bodies within the 
Forties Fonnation are present over a large area, even in the more distal parts of the fan, 
such as the Cod Field (Parsley 1990). 
The term, Outer Fan, is applied to deposits of unconfined dilute turbidite currents 
which are responsible for at least part of the deposition of silts, sands muds in basinal 
areas. In general sand content seems to drop rapidly at the fan fringes and in most 
cases the Outer Fan is effectively a non-reservoir. 
Field studies of individual fields indicate that on a meso-scale connectivity may be 
restricted by mudstone barriers or diagenetic carbonate doggers. Within the Forties 
Field there is sufficient permeability restriction across claystones units to cause 
significant pressure differences during production, though no differences in oil 
composition is seen between pressure compartments (Wills 1991). Within the 
Montrose Field, is noted a less effective aquifer support during production within field 
area with stratified sediments (Crawford et al. 1991). Within the Maureen field, Block 
16/29, although the reservoir geometry shows rapid sandstone pinchouts and 
apparently laterally extensive claystones within the field area, production history for 
several years strongly suggests that these non-reservoir units do not form vertical or 
lateral barriers to fluid flow, the reservoir behaving like a single unit (Cutts 1991). 
Provenance and paleogeographical studies indicate that the sources for detrital grains 
were Palaeozoic or Mesozoic sediments from the southern part of the East Shetland 
Platform, Figure 2.1, (Morton et al. 1993), and possibly eroded Dalradian schists from 
the Scottish Highlands (Morton et al. 1993). Sediments were transported eastwards to 
be deposited in the subsiding Central North Sea along pre-existing Mesozoic grabens (~ox et al. 1981) with an intermittent supply of volcanic debris (basaltic clasts and 
Wlnd-blown ashes) carried over the water-shed from the west of Scotland igneous 
centres (Jacque & Thouvenin 1975). 
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After deposition the sediments experienced a relatively simple sag pattern of subsidence 
(Barnard & Bastow 1992). Interpretation of seismic reflection data suggests that no 
major faults cut the Palaeocene sequence (Milton et al. 1990). Thus the original 
depositional aquifer connections are intact without tectonically induced fluid barriers or 
conduits. 
2.4 Methodology and analytical procedure 
Ten cored wells (Table 2.1) with carbonate-cemented horizons were selected to give 
regional coverage across the sub-crop of the Lower Paleocene sandstones within the 
Central North Sea. 
Wells were chosen after comparing available composite logs; high sonic velocity 
'carbonate concretions' greater than 25cm thick are readily identified within the thick-
bedded and structureless sands which maintain fairly uniform log traces. Samples for 
thin-sectioning and isotopic analysis were taken across concretions and also at regular 
intervals within the cored sandstones. Blue-stained epoxy-resin impregnated polished 
thin-sections were stained for carbonates following the techniques of Friedman (1959). 
They have been examined using standard petrographic techniques including point count 
analysis (500 points) to quantify detrital mineralogy, authigenic cements and porosity. 
Double polished wafers were made from concretions in wells 15/20-4 and 16/28-6 for 
fluid inclusion analysis. Cold-stage cathodoluminescence (CL) was carried out to 
identify carbonate zoning. Rock stubs were examined using a scanning electron 
microscope (SEM) to determine the morphology, composition and distribution of the 
authigenic minerals. X-ray diffraction (XRD) analysis was undertaken on whole rock 
samples and separates to determine the composition of carbonate phases. Where 
possible, concretion samples were disagreggated and size separated and the carbonate-
rich size fraction (53-75J.1m) was then purified using heavy liquid, and electromagnetic 
separation to around 70% purity. Where samples were too small to separate out the 
carbonate, crush samples were used. Samples of CO2 gas for stable isotopic 
measurements were obtained by reacting plasma-ashed carbonate samples with 100% 
phosphoric acid using the method outlined by McCrea (1950). Calcite was left to react 
overnight at 25+0.1 °C in a thermostated bath. Samples of CO2 gas were analysed on a 
YO SIRA 10 mass spectrometer. Standard deviation of replicate analyses was less than 
0.04%0 for carbon and 0.2%0 for oxygen. Carbon isotope results are reported in the 
delta per mil notation (Sl3C) relative to Peedee belemnite (PDB). Oxygen isotope 
results are reported in the delta per mill notation (S180 relative to Standard Mean 
Ocean Water; SMOW). Strontium was separated using standard cation exchange 
chromatography and analysed by isotope dilution (Smalley et al. 1992); concentrations 
and 87Sr/86Sr ratios were determined using a solid-source mass spectrometer on a YO 
Isomass 54E. Replicate analyses of NBS 987 gave 87Sr/86Sr values of 0.71 022 +2(2cr). 
2.5 Petrography . 
Most wells are dominated by massive sandstones deposited from high-density turbidity 
currents and this facies generally makes up to 80% of the cores. The three basic rock 
types are massive sandstones, interbedded sandstones and claystones, and silty 
claystones. The facies under study is the economically productive massive facies. The 
massive sandstones are characterized by elongate sheet-like geometries with good 
lateral and vertical connectivity. Individual beds are 1m to several 1 Om's thick with 
high porosities (>20%) and permeabilities (>100mD). Locally they grade into pebbly 
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sandstones at the base of units. Dewatering dish-and-pillar structures (Lowe 1982) are 
seen between amalgamated beds. The sandstones are generally poorly lithified with 
only minor cementation. Reservoir geometries within distal, reaches, (Block 16/29), 
indicate that rapid sandstone pinchouts and apparently extensive claystone exist. 
However production histories indicate that non-reservoir units do not form vertical or 
lateral barriers to fluid flow (Cutts 1991). 
The massive facies consists of generally very fine-to-medium grained and poor-to-
moderately sorted sandstones. Detrital clay content is low «5%). In all wells 
sampled is seen a clay with a diagenetic boxwork habit protruding from the detrital clay 
background. The 'box' sides are up to 4microns across. Back-scattered electron 
microscopy and qualitative XRD analysis indicate that the overall detrital clay fraction 
has an indistinct smectitic-illitic chloritic composition with broad peaks covering these 
compositions. It is impossible to separate the clay with the boxwork habit from the 
detrital clay by way ofXRD analysis. It is assumed that these boxwork clays represent 
the gradual neomorphism of detrital clay into illite (Eslinger & Peaver 1988). The 
sandstones are generally sub-lithic in composition (Folk 1974). Rock fragments are 
generally quartzite and quartz/mica/feldspar composite grains with a schistose fabric 
reflecting the Scottish Highland hinterland (Morton et al. 1993). Igneous clasts and 
extrusive fragments are also frequent. These are often dissolved leaving secondary 
pores (-2% rock volume) outlined by opaque grains. There is generally little detrital 
carbonate within the sandstones «0.4% by volume) though within sampled Maureen 
Formation sandstones there are occasional beds containing chalk clasts and rich in 
chalky fines. Muscovites and altered biotite are present in small volumes (<2% by 
volume). Carbonaceous material now pyritised «2.5% by volume) is also present. 
2.6 Habit of carbonate concretions 
Outwith concretions authigenic minerals are developed in only low abundances and do 
not significantly affect the reservoir quality of the sandstones. However concretions 
do locally reduce both porosity and permeability to negligible levels., 
Carbonate occurs as a concretionary cement, Figure 2.3. It is also occasionally seen as 
traces within the host sandstone associated with expanded mica flakes, similar to those 
seen by Boles & Johnson (1983). Small incipient feldspar and quartz overgrowths 
«5J.1m) and small dolomite rhombs associated with pyrite pre-date concretion 
formation, Figure 2.4. In most wells traces of small vermiform kaolinite «20J.1ffi) 
associated with splayed mica are also seen within concretions or forming patches 
adjacent to corroded feldspars. Slight corrosion of detrital framework grains is also 
apparent and within well 14/13-3 igneous lithic clasts are particularly susceptible to 
'calcitisation. Within wells 22/20-3 and 16/29-2 noticeable silicate diagenesis pre-dates 
concretion precipitation. Within wells 22/17-4, 22/20-3 and some of23/16-4 carbonate 
concretions are not tightly cemented. Compacted framework grains within these 
particular concretions have quartz overgrowths on detrital grains. 
Calcite grain size varies from coarse poikilitic to microcrystalline Table 2.2. Small 
grain size results from the presence of many nuclei during carbonate cementation 
(Putnis & McConnell 1980). 
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Thickness of concretion and total thickness of cemented zones varies between wells. 
Within wells 15/26-3, 15/26-4, 16/28-6 and 21110-1, calcite cemented zones make up 
between 3-7% of core length while in wells 16/29-2,22/20-3, 15/20-4 and 23116-4 
calcite cemented zones make up to 10% of cored length. Concretion thicknesses are 
generally 10's ofcm but can be considerably larger, ego 1.2m thick in 15/26-4, 2m thick 
in 16/28-6, 2.7m thick in 16/29-2 and 2.75m thick in 22/17-4. In most cases it is 
unclear whether these exceptionally thick zones consist of coalesced nodules. However 
within well 16/28-6, the 2m thick concretion had concentric isotopic compositions 
suggesting that it was a single concretion. 
2.7 Mineralogy 
Back-scattered analysis of polished thin-sections indicates that concretionary 
carbonates range from Fe-calcites, Mn-calcites, ankerites to non-ferroan calcites, Table 
2.3, Figures 2.5,6,7. 
~ 
14/13-3 Two concretions (824.9m and 830.3-4m) sampled have Mn (0.64 to 1.80%) 
and Fe (2.02 to 4.14%) inversely correlated with some anomolously high Mn 
concentration, up to 9.4% Mn in one sample Figures 2.5,6,7. On the scale of sampling 
no trends for Mg (0.29 to 4.01 %) concentrations with Fe or Mn are seen. The 
presence of tuffaceous debris within the core would indicate that supply of metal ions is 
likely to come directly from dissolving volcanic material. 
15/20-4 (2012.5) Fe-calcite (purple stained) concretion (Fe=1.69 to 2.23%) has 
relatively high concentrations ofMg (2.75 to 4.08%) and Mn (2.50 to 3.42%) Figures 
2.5,6,7. Source of metal ions is unknown but the presence of tuffaceous material at 
2013.55m would suggest that supply of material would be local. 
15/26-3 (1877.9 to 1878.3m) ankerites. Mn concentration are low within the 
concretion (0.15 to 0.68%) but show slight increase towards the margins of the 
concretion, Figure 2.8a. Fe and Mg concentrations are irregular at 1878m within the 
concretion but are constant in the rest of the concretions. The irregular concentration 
indicate that supply of Fe and Mg are local on a thin section scale. Fe and Mg 
concentrations are strongly inversely related suggesting dissolution from a single 
ferro magnesian source. 
(1894.3 to 1895.2m) 2 samples from Fe-calcite (1.10 to 3.70%) concretion rims 
Figure 2.8b. Upper rim has higher concentrations of Fe, lower Mn concentrations and 
lower Mg concentrations. 
15/26-4 (2274-2274.74) calcite concretion. Both Fe and Mg concentrations in the 
. centre of the concretion (1.03 to 1.38% and 0.97 to 1.88% respectively) decrease 
towards the rims of the concretion (00.00 to 1.03% and 0.71 to 1.66% respectively) 
Figure 2.8e. Mn concentrations are low «0.62%) during growth and show no trend. 
The similar trends in Fe and Mn concentrations indicate a similar source of ions which 
is likely to be dissolution of ferromagnesian minerals. 
16/28-6 Fe-calcite concretion (2681.6 to 2683m) shows local increase in Fe and Mg 
concentration from the centre of the concretion (0.93 to 1.36% and 0.25 to 1.19% 
respectively) towards the upper (1.49 to 1.83% and 3.70 to 4.80% respectively) and 
lOwer rims (1.16 to 1.56% and 0.83 to 2.70% respectively) Figure 2.8d. Mn 
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concentrations do not follow this trend but show a decrease in concentration towards 
the upper margin (0.88 to 0.95%) and an increase towards the lower margin (1.52 to 
1.86%). The Fe and Mg appear to be associated and again local supply from 
dissolution offerromagnesian minerals is inferred. 
16/29-2 Mn-calcite concretion (2642.5 to 2645.5m) Figure 2.Se. There is a slight 
increase of low Fe and Mg concentration during growth from concretion centres to 
concretion rims. Centre Fe=0.16 to 0.73 % and Mg=O.1 0 to 0.51 %; upper rim 
Fe=0.89 to 1.46% and Mg=O.71 to 0.95%; lower rim Fe=0.63 to 1.06% and Mg=0.58 
to 1.19%. Fe and Mn appear to be related to each other. Relatively high concentration 
ofMn are irregular throughout the concretion 
(2664.9 to 2666.9m) Mn-calcite concretion, Figure 2.8f. Mg and Fe 
concentrations remain low throughout the concretions (Fe=0.47 to 1.20%; Mg=O.OI 
to 0.95%) and no trend is evident. Mn concentrations are irregular on the thin-section 
scale (2.52 to 8.42%) and show no trend within the concretion. 
21/10-1 Strongly Fe-calcite concretion (3.46 to 4.74%) at 2220 to 2242.8m, Figures 
2.5,6,7. No trends apparent from analysis taken. Mg concentration are constant, 0.92 
to 1.50%, whereas Mn concentration are irregular on a thin-section scale, 0.06 to 
1.54%. 
22/17-4 Mn-calcite (4.99 to 5.27%) concretion at cored depth 3107 -431 10m, Figures 
2.5,6,7. Fe and Mg concentration a are low (0.81 to 1.31 % and 0.30 to 0.67% 
respectively). Source ofMn is problematic as no source ofMn is apparent within the 
sandstones. Mn was either imported into the sands or source of Mn within sandstones 
has completely dissolved out. 
22/20-3 Mn-calcite concretion (1.2 to 6.5 %) at 2689.45 - 2689.7m Figures 2.5,6,7. 
No correlation is apparent between Fe, Mg and Mn. 
23/16-4 As clastic amalgamated units are less than 10's cm within the core concretions 
Cannot be individually recognized. Samples aware taken at cemented intervals within 
the core. 
There is an overall decrease Mn concentration with depth (2155m, Mn=5.14 to 6.18%; 
to 23 16m, Mn=O.57 to 1.36%), Figure 2.8g. Fe concentration also decrease down the 
well from 1.72 to 2.13% to 0.93 to 1.43%. Mg percentage stays relatively constant 
from 0.36 to 1.36% at 2155.9m to 0.19 to 1.20% at 2316.5m. The low concentrations 
ofMn, Fe and Mg in the lower sections of the core coincide with chalky debris and it is 
likely there-precipitation of detrital carbonate supplied ions. 
Mn source 
The Source of manganese in concretions from wells 16/29-2,22/17-4,22/20-3 and 
23/16-4 is puzzling. These petrographically late concretions are predominantly Mn-
calcites. There is currently no apparent source ofMn available in the sandstones. Mn 
supply during concretion precipitation could have come from; dissolution of 
ferromagnesion minerals rich in Mn, dissolution of diagenetic Mn-oxides which had 
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precipitated on the sea floor, external introduction ofMn-rich fluids into the Montrose 
Group. 
Dissolution of detrital ferromagnesian minerals - Concretions from 14113-3 which are 
present within sediments originally rich in ferromagnesian minerals have strong Fe and 
Mg Components as well as Mn. It is likely that the Mn component within these 
concretions came from detrital ferromagnesian mineral dissolution. For the other wells 
this hypothesis is unsatisfying, as Fe% and Mg% are generally less than 2%, Figure 
2.7. 
Dissolution of diagenetic Mn rich minerals - The distribution of Fe-hydroxides and 
Mn-hydroxides within sediments is related to the position of the oxygen-minimum and 
the concentration of the ionic species in contemporary seawater. Mn-hydroxide 
formation and minerals are poorly understood as a result of the many reduced states of 
manganese and its reactions in differing Eh-pH conditions (Burdige 1993). Manganese 
concentrations increases within sediments which are influenced by black smoker fluids. 
Mn-rich sea water may have been carried by currents from the active Tertiary volcanic 
province in the West of Scotland. There is no recorded evidence of thermal spring 
activity or active spreading areas in the Palaeocene North Sea itseI£ The Palaeocene 
North Sea is known to have been partially anoxic, and perhaps restricted, as illustrated 
by the presence of green mudstones and black mudstones which characterise the 
Andrews and the Forties Formations respectively (Knox et al. 1993). Manganese in 
solution or present as Mn-hydroxides is likely to have been precipitated as Mn-oxides 
within the sulphate reduction zone during shallow burial (Burdige 1993). The increase 
in Mn component in diagenetic carbonates towards the top of the Montrose Group in 
well 23116-4 may be related to either greater anoxicity within the Forties Formation or 
a rise in black smoker activity on the west coast of Scotland. Real Eh-pH changes 
within relatively deep buried sediments are poorly understood and it is proposed that 
chemical alteration within the Montrose Group porefluids resulted in the dissolution of 
the diagenetic Mn-oxides during burial, the manganese becoming incorporated into 
diagenetic carbonates. . 
Introduction of Mn-rich fluids externally into the Montrose Group - Pressure release 
from underlying overpressured Jurassic sediments by way of fluid migration has been 
proposed by some authors (Burley et al. 1993). Tranferring this hypothesis it can be 
proposed that Mn-rich fluids may have been introduced during hydrocarbon migration 
or pore-fluid release/migration. Fluids rich in Mn may have come from dissolution of 
ferromagnesian minerals in the underlying sediments and then introduced through 
~actures in the Cretaceous relating to salt diapirism. As there is no complementary 
mcrease in Fe or Mg within the carbonates this hypothesis is seen as unlikely. 
Minor dolomite crystals a few microns across were common within wells. . 
Compositions of dolomites were measured within well 16/28-6 which had dolomite 
crystals sufficiently large enough (1 Omicrons) to produce reliable data by way of 
backscattered SEM imaging. Figure 2.4, Figure 2.Sb Table 2.3. Dolomite Fe and 
Mg components vary within each slide by up to 6%. This indicates that Fe and Mg was 
Sourced locally on a thin-section scale. Mn concentrations are low 0.43 to 1.48%. 
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2.8 Cathodoluminescence 
None of the concretions sampled showed distinct concentric zoning, Figure 2.9. 
Within well 16/29-2 faint sector zoning was observed within large> 1 SOmicron 
poikilotopic calcite grains Figure 2.10. Back-scattered electron BSE images of 
polished thin-sections showed no compositional zoning present within any concretion. 
Luminescence colour are a uniform dull orange-brown to dull brown. Bioclasts and 
carbonate chalk debris luminesce a brighter orange signifying a non-ferroan calcite 
while calcified lithic grains have a dull brown luminescence. 
2.9 Minus-cement porosity 
The depth at which these concretions grew can be estimated by point counting the 
cement volumes between detrital sand grains, assuming that this represents primary 
porosity (Baldwin & Butler 1985; Haszeldine et al.I992). 
Sclater & Christies (1980) sandstone porosity/depth relationship was the best fit 
straight lime generated from a log porosity-depth plot showing surface porosity data 
(Pryor 1973), porosity from Palaeocene wells within the Central Graben (Selley 1978) 
at depths between 2000-300Om buria~ and supplemented with data calculated using 
observed sonic velocities and the velocity/porosity table ofSchlumberger (1974). 
Selley's (1978) porosity data came from the hydrostatically pressured North Sea 
Palaeocene oilfields. No equation was added to SClater & Chrisite's (1981) figure. 
Sclater & Christies (1981) chose an exponential to describe porosity decrease within 
the Central North Sea as such an exponential decrease proved satisfactory using 
Atwater & Miller's (1965) sandstone porosity data from Louisiana (depth range 0.5 to 
6km) and Pryor's (1973) surface sand porosity data. Baldwin & Butler (1985) later 
interpreted Sclater & Christie's (1980) sandstone porosity diagram as a logarithmic 
equivalent. 
Burial depth (in km) = 3.7ln[0.49/(I-S)] (where S=I-porosity) 
For sandstones that do not change porespace within the upper 10-1 00m, this form of 
equation provides a reasonable description for predicting porosities of hydrostatically 
pressured Central North Sea Palaeocene sandstones. Palmer & Barton's (1987) study 
of shallow buried (78Om maximum burial) uncemented sandstones (Holocene to mid 
Jurassic) indicate that porosities reduce rapidly to around 35% during the first 200m of 
burial. Therefore Baldwin & Butler's (1985) porosity-depth curve may underestimate 
the rapid decline in burial in porosities. It is worth noting Baldwin & Butler's (1985) 
'sandstone-envelope' depth range 0.S-7.0km created from Maxwell's (1964) data 
e~compasses sandstones of widely differing ages at similar burial depths, sandstones of 
different facies though all are quartzose sandstones, from basins of different geothermal 
gradients, and the strong likelihood of different pressure regimes though no pressure 
data is given for study areas. There is always the possibility of misinterpreting 
porosities in terms of potential burial depths generated by empirical porosity depth 
equations 
These pre-cement porosities are superimposed on a general compaction curve for 
Central North Sea sandstones generate by Sclater & Christie (1980) and interpreted in 
a logarithmic form by Baldwin & Butler (1985). Although this compaction curve is 
only an approximation we can nevertheless still use it to demonstrate that from simple 
Chapter 2 Isotopic compositions of oilfield diagenetic carbonates in Palaeocene sandstones 2.11 
textural relationships, calcites have precipitated at different depths within the study 
area, Table 2.4, Figure 2.11. The concretions in wells 22/17-4, 22/20-2 and some of 
23/16-4 were not tightly cemented. The earliest calcite concretions are found within 
proximal and graben axis study wells, 14/13-3, 15/20-4, 15/26-4 and 16/28-6 which 
fonned prior to 110n burial. Within these concretions, contacts between detrital grains 
are rare and it is apparent that most of this calcite formed before significant 
compaction. Later concretions are within flank and distal wells 15/26-3 and 16/29-2 
while the concretions with the least minus-cement porosities are found within distal 
Central Graben wells 21110-1 and 23/16-4 which grew in more compacted sediments at 
depths greater than 110n. 
2.10 Location of concretions 
Concretions within the sands have been noted as both isolated spherical concretions 
within study cores and as permeability restricting calcite-cemented layers (Tonkin & 
Fraser 1991; Emery & Robinson 1993a). Cores from wells 15/26-3, 15/26-4, 16/29-2, 
21110-1 and 23/16-4 all have calcite cemented horizons within beds (<20cm) rich in 
marls and chalk clasts. These are believed to be laterally continuous. Bjorkum and 
Walderhaug (1990), in an isotopic study of the Bridgeport Sand shallow marine 
sandstone, suggested that the spatial distribution of concretions is controlled by the 
distribution of detrital carbonate. Shell-rich beds with stratified detrital carbonate are 
more likely to be cemented than structureless sands where potential nuclei are 
dispersed. Visual analyses of composite and sedimentological logs indicate that 
concretions within massive sands consisting of amalgamated units are more likely to be 
present adjacent to dewatering dish-and-pillar structures (see Chapter 5). These dish-
and-pillar structures are outlined by detrital fines. These fines are likely to contain 
calcite microfossils and micas, and so be potential nucleation points for concretions 
(Boles & Johnson 1983; Bjorkum & Walderhaug 1990). Within well 16/29-2 
concretions are noted to be found adjacent to shale/sandstone boundaries (Cutts 1991). 
2.11 Carbon isotopes: 
Carbon isotopic compositions range widely from -29.7% POB to + 12.7%0 POB Figure 
2.12, (0180 = 15.2 to 29.4%oSMOW) Table 2.5. 
Carbon isotopes can be used to indicate the source of the carbonate (Cot) in a 
cement. As sediment undergoes shallow burial «1.5km), CO2 is released through 
biochemical and chemical reactions. Because the starting composition of detrital 
organic material is usually close to 013C POB--25%0, the composition of CO2 for any 
specific reaction process is known (Irwin et at. 1977). 
With depth the reactions are:- aerobic oxidation (Ol3C POB- -25%0), bacterial sulphate 
reduction (ol3C POB- -25%0), fermentation (Ol3C POB ..... +15%0) and abiotic thermal 
d~carboxylation (ol3C POB--15%o) (Irwin et al. 1977). Detrital carbonates such as 
high-Mg calcites and aragonite can also undergo dissolution during burial releasing 
bicarbonate with Ol3C near to 0%0. Taylor & Lapre (1987) in their study of 
Cretaceous Chalk Ekofisk Formation diagenesis within the Central North Sea, indicated 
that pressure solution due to compaction of chalky deposits is expected to take place at 
depths of 100m onwards. 
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Unfortunately, the results ofB13C analyses are sometimes ambiguous because 
carbonates commonly contain carbon from a mixture of sources, and different 
processes can result in similar mineral B13C values. 
2.12 Results 
From a B13C_B180 plot, the study wells can be divided into four different isotopic 
groups which also define regional areas: well 14113-3 on the south side of the East 
Shetland Platform cored within proximal to source area shallow buried friable 
sandstones; wells 15/20-4 and 16-28-6 within the axis of the Witch Ground Graben 
core Andrew Formation sandstones, wells 15/26-3 and 15/26-4 situated on the south 
flank of the Witch Ground Graben, and a grouping of wells with similar B180 and B13C 
isotopic compositions though geographically separate wells 16/29-2 (Maureen 
Formation sandstones), 21110-1, 22/17-4, 22/20-2 (Forties Formation sandstones) and 
23116-4 (Montrose Group Sandstones) 
2.12.1 Shallow proximal area 
The well 14113-3 is located in the shallow buried Montrose Group in the Outer Moray 
Firth the southern edge of the East Shetland Platform (cored depth 825.4-830.8m). 
High minus-cement porosities (37.2 to 46.2%) indicate that concretions precipitated 
during early burial, Figure 2.11. ' 
The light isotopic carbon compositions (B13C PDB = -14.2 to -3.1%0, Table 2.S) are not 
reaction specific but indicate a combination of carbon sources. Because of the <830m 
burial of these sandstones, abiotic decarboxylation (-15%0 PDB, Irwin et al. 1977) is not 
considered to have contributed carbon as this reaction requires temperatures in excess 
of 40°C. Shallow bacterial sulphate reduction (B13C PDB = -25%0; e.g. Irwin et al. 
1977; Curtis 1986; Glasmann et al. 1989) is probably the main component. Authigenic 
pyrite indicative of sulphate reduction reactions is abundant and forms around 0.4 to 
2.6% by volume (mean 1.2% by volume) of concretion volume and is present in smaller 
quantities «0.2% by volume) outside the concretions. The other contribution to 
carbon is likely to come from the dissolution of detrital shells and/or chalk debris (-0 to 
+3%0 PDB, Taylor and Lapre 1987). In CL petrography detrital calcite grains are 
clearly identified within these concretions and so could have acted as nucleation sites 
and contributed to S13C values. 
The B13C signature of concretions increases by 4-12%oPDB from the centre to the rims, 
Figure 2.13a, b. This could result from a reduction in S04" concentration within pore-
waters and declining input of sulphate reduction carbonate (B13C_ -25%0 ). 
Correspondingly, there would be a resultant increase in the component from detrital 
carbonate dissolution. 
2.12.2 Witch Ground Graben axis 
The two wells 15/20a-4 and 16/28-6 (cored depths 1949.7- 2019.4m and 2585.8-
2736.4m) are located on the southern tip of the Fladen Ground Spur and in more distal 
reaches of the Witch Ground Graben, Table 2.S. 
Plotting minus-cement porosities on a porosity-depth curve indicates that these 
concretions may have grown at depth up to 1100m. Five out of seven minus-cement 
Chapter 2 Isotopic compositions of oilfield diagenetic carbonates in Palaeocene sandstones 2.13 
porosities from these two wells are >45% and this suggests that precipitation took 
place during early burial Figure 2.11. 
Concretions within study wells are characterised by exceptionally low carbon isotope 
compositions, 013C = -30 to -15%oPDB. Such depleted values can result during sulphate 
reduction (Irwin et a1. 1977), oxidation of methane (Jorgensen 1989), thermally 
induced abiotic decarboxylation (Irwin et al. 1977) and anaerobic oxidation of oil 
(Donovan et al1974; Dimitrakopolous & Muehlenbachs 1987; O'Brien & Woods 
1994). 
Enclosed within concretions, pre-dating calcite cementation are disseminated authigenic 
dolomite grains «10J.1m) intimately associated with pyrite «10J.1m), Figure 2.4. The 
small size of the dolomite grains and the small volume of dolomite within the calcite 
concretions «2% BV in all samples) precluded isotopic analysis but the association of 
dolOmite with pyrite indicates that dolomite formed within the sulphate reduction zone. 
Dolomite forms discrete crystals with euhedral faces. There is no gradual change form 
dolomite to calcite precipitation. The different chemistries, habit of precipitation, and 
the concretions 0180 ratios suggests that the Fe-calcite precipitated deeper that the 
SUlphate reduction zone. The lack of similar disseminated pyrite within the calcite 
concretions (unless seen with dolomite) indicates that available sulphate was used up 
prior to calcite precipitation. 
The presence of weakly luminescent organic fluid inclusions and brown bituminous 
inclusions leads to the proposition that anaerobic oxidation/biodegradation of early 
migrating hydrocarbons took place during concretion precipitation. Such oils have 
013C signatures of -30 to -25o/ooPDB (Gould & Smith 1978). Fluid inclusion aflalysis of 
fluid inclusion wafers from well 15/20-4 indicated the presence of short chain 
hydrocarbons (pers. comm. G.MacLeod, Univ Newcastle, 1994) 
In various studies biodegradation of hydrocarbons has been held responsible for similar 
depleted o13e compositions of sandstone-hosted concretions (Donovan et al. 1974; 
Dimitrakopolous & Muehlenbachs 1987; Watson 1993; O'Brien & Woods 1994). 
Dimitrakopolous and Meuhlenbachs (1987) studied carbonates from the Cretaceous 
?eavy oil deposits of Alberta. They suggest that meteoric water with dissolved O2 
mteracted with petroleum, and aerobic bacteria degraded hydrocarbons, to release 
acids, alcohols and ketones. These organic compounds were then anaerobically 
oxidised to produce CO2 with 013CPDB-depleted signatures. This resulted in the 
precipitation of isotopically light (013C PDB) carbonates. It is suggested that similar 
. processes were taking place during concretion growth in wells 15/20-4 and 16/28- 6. 
The increasingly negative 013C component, 013C = -15 to -30%oPDB, in composition 
from concretion centres to rims suggests that the influence of isotopically light 
hydrocarbon increased during growth of the concretions, Figure 2.13c,i. 
Concomitantly another component with a more positive carbon isotope values (shell 
material/chalk, 013C = 0 to +3%oPDB) or fermentation, 013C =+15%0, was decreasing. 
Petrographic and SEM stub analyses of samples found no detrital calcite outside 
concretions but only inside the concretions Figure 2.14. This suggests that detrital 
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calcite was only preserved within concretions as these calcite clasts were engulfed 
during concretion precipitation. 
2.12.3 South Witch Ground Graben flank ~ 
These data are from wells IS/26-3 and IS/26z1.0cated on the south flank of the Witch 
Ground Graben in the Outer Moray Firth area (cored depths 1874.6-1929.7Sm and 
2066.4-2476m respectively). Minus-cement porosities indicate that these cements 
grew at 0 to 600m, but at predominantly shallow depths during burial as all are >42 % 
minus-cement porosity. Concretions near the top of the Montrose Group from both 
study wells have distinctive positive isotopic compositions, 013C = +9.8 to +13.S%oPDB, 
with excursions to negative values at the rim of the concretions, 013C = -18.9 to -
18.S%oPDB. At the base of the core or where analyses were taken of cement within 
chalk rich matrix have 013C =-6.7 to +2.6%oPDB, Figure 2.13h, 2.1Sa,b, Table 2.5. 
Positive values indicate that the cements formed within the fermentation zone (10-
1000m depths, Irwin et al. 1977; Saigal and Bjorlykke 1987), where CO2 gas generated 
by methanogenesis has generally a value of around +15%oPDB. Figures 2.13c,d, e, f. 
The rim of two concretions have carbonate ratios around -20%oPDB, Figures 2.13e, f. 
This could indicate the reintroduction of sulphate reduction by a change to porewaters 
rich in sulphate. 
No hydrocarbons are seen in fluid inclusions. From this it is suggested that oil 
migration had not reached wells 15/26-3 and IS/26-4 during concretion growth. 
Therefore negative 013C compositions suggest formation within the sulphate reduction 
zone (013C ,... -25%oPDB) or organic degradation (013C ,... -2S%oPDB). Concretions near 
the base of both of these cores are in a layer rich in Cretaceous chalk debris. These 
mixed chalk/authigenic cements have values close to detrital marine carbonate (0 to 
+3%oPDB Taylor & Lapre 1987). It is likely that detrital calcite was the source for 
carbonate cement. 
2.12.4 Distal Wells 
These wells' locations are characterised by their distal nature to provenance area, most 
of the wells except for 16/29-2 are located within the Central Graben area. They are 
wells 16/29-2 (2623.2-2688.8m) and 23/16-4 (21 SO. 19-2320.69m) and samples from 
21/10-1,22/17-4 and 22/20-3. Minus-cement porosities show that cements grew from 
around 700 to 1800m burial Figure 2.11. 
16/29-2 (2642.6 to 264S.3m concretion). Three analyses over the upper half of this 
concretion show no trend Figure 2.13j. Carbon values vary from -S.4 to +2.7%oPDB. 
16/29-2 (2664.9 to 2666.9m concretion). Rims have similar low negative carbon 
yalues; upper rim -1.1 PDB, lower rim 3.2 to -2.7%oPDB, Figure 2.13k. A slight 
Increase in carbon ratios as the lower rim is approached (-3.2 to -2.7%oPDB) 
16/29-2 Cemented zone at depth 2683.S and vein at 2682.2m have very similar vales eO 
0.7 to -O.4%oPDB and -0.7%oPDB respectively Figure 2.131. The source of carbonate 
for these cements are likely to be detrital chalk debris. 
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22/17-4 (3106.8 to 3110.5m concretion). Three analysis in the upper half of the 
concretion have values between -11.1 and -3. 7%oPDB Figure 2.12. 
22/20-3 sample from 2689.4 and 2689.7m have values between -4.7 and -4.3%oPDB 
Figure 2.12. 
Both 16/29-2 and 23/16-4 have similar trends with depth. Carbon isotope values 
around zero, S13C =-0.5 to +2.0%oPDB at the bottom of the over become gradually 
more negative upwards, S13C = -9 to -6o/ooPDB Figure 2.15c,d. Well 23/16-4 has a top 
zone where carbon compositions are near zero S13C = -1 to +2%oPDB. 
Carbon isotope values near the base are likely to be influenced by detrital chalk debris: 
S13C=0 to 3%oPDB. Towards the top an organic influence (ie more negative values) 
could have resulted from sulphate reduction S13C=-25%oPDB or decarboxylation S13C=-
IS%oPDB. Decarboxylation becomes effective at temperatures in excess of 60°C. 
(Irwin et aI. 1977). Such temperatures are near to current burial temperatures of these 
sample wells indicating that carbonate precipitation is a very late diagenetic phase. 
Decarboxylation temperatures are also in excess of that predicted from minus-cement 
porosities. However the errors within depths predicted from minus-cement porosity 
are likely to be large and precipitation depths should be interpreted as being qualitative 
rather than quantitative. At the top of well, 23116-4 S13C values near zero indicate that 
carbon came from detrital carbonate. 
2.13 S180 overview 
The mineral SI80 values record the dual influences of growth temperature and of pore-
Water. Using the fractionation equation of Friedman & O'Neill (1977) a plot was 
constructed relating SlsO%oSMow(calcite), SlsO%oSMOW(pore-water) and growth 
temperature, Figure 2. 16. SISO SMOW of Palaeocene seawater (Shackleton & Kennet 
1974) and early Tertiary meteoric water (Forester & Taylor 1977) are illustrated 
Figure 2.16. Difficulties are faced when interpreting very low SlS0 values for calcite 
cements within shallow buried marine sands. How can these concretions have 
precipitated within marine pore-waters, as the low S180 values of calcite (S180= 15.2 to 
~9.4%oSMOW) clearly cannot reflect equilibrium during very early diagenesis? Oxygen 
lSotope compositions for authigenic concretionary calcite within marine sediments are 
often problematic to interpret (Mozley & Burns 1993; Osborne 1994). Common values 
for seemingly petrographically early calcites precipitated within marine sediments are 
between 20.6 and 30.9%oSMOW (Mozley & Bums 1993). Such values suggest that 
pore-waters during precipitation were isotopically lighter than seawater (SI80"" 
O%oSMOW). If depositional marine water is chosen as a potential pore-water, 
precipitation temperatures can often be hotter than maximum burial temperatures 
inferred from minus-cement porosities (Moore et al. 1992). 
There are five explanations:-
1) Isotopic alteration of seawater in a closed system. 
2) Meteoric water influx. 
3) Recrystallisation of calcites after growth . 
. 4) Precipitation at anomalously high temperatures 
5) Elevated Palaeocene surface water temperatures 
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2.13.1 Precipitation of 180 enriched minerals within a closed system 
The viability of the water rock interaction mechanism is difficult to evaluate because the 
mode of concretion growth and environment of formation are imperfectly understood. 
In a closed system the effect of mineral precipitation could be substantial. For example 
the alteration of volcanic ash to smectite is very likely to have occurred in these 
Palaeocene sediments. For this reaction, shifts in marine pore-water 0180 composition 
relative to SMOW as great as -8%0 have been reported (Lawrence & Gieskes 1981). 
But in the Montrose Group sandstones the amounts of volcanic debris may only have 
been 2 to 4% of the rock, so mass balance suggests that this is not likely to have 
affected Palaeocene porewaters in most cases. Moore et al (1992) attributed low 0180 
values from carbonates in modem marine coastal marsh sediments to be the product of 
precipitation in a closed hydrogeological system. The degree of alteration depends on 
a) amount and reactivity of volcanic sediments, b} water-sediment ratio, and c} extent 
of diffusional exchange of oxygen between the sediments and overlying seawater 
(Morad & De Ros 1994; Prosser et al. 1994). 
2.13.2 Meteoric water inftux 
A common interpretation of 0180 values for low temperature precipitation requires 
influx of meteoric water (Galloway 1984; Haszeldine et al. 1992). This hypothesis is 
frequently invoked within the Northern North Sea to explain low oxygen values of 
stratified calcite cements (Giles et al. 1992; Haszeldine et al. 19.9). To allow meteoric 
water to penetrate the sediments requires a suitable sediment and basin geometry. For 
a concretion that formed relatively near to shore such a mechanism is more likely than 
for that offshore. Meteoric influx can occur due to sea-level fall and subaerial erosion, 
uplift of hinterland creating a head or delta progradation (Longstaffe 1989; Wilkinson 
1991; Haszeldine et al. 1992; Macaulay et al. 1992). For the Palaeocene sands, relative 
sea-level fall and delta progradation over the sands in the Moray Firth shortly after 
deposition could have resulted in meteoric water flushing. 
2.13.3 Recrystallisation . 
If concretions undergo recrystallisation their isotopic compositions can re-equilibrate 
with ambient conditions. Dix & Mullins (1987) in their study of Middle Devonian 
concretions, indicated thai late septarian blocky calcite had the same Ol3C but different 
0180 values as concretionary cements. They interpreted oxygen isotope compositions 
~ resulting from recrystallisation at depth without being affected by meteoric water 
influx. Recrystallisation can be ruled out where there is preservation of micro fabrics 
and small scale isotopic zoning (Carpenter et al. 1988). Within the Montrose Group 
concretions there is no petrographic evidence for multiple phases of calcite 
precipitation, even when within the same concretion there may be different 013C and 
~18 
u 0 cOI~positions. Variations in composition can be satisfactorily explained in tenns 
of solute supply and pore-water change. . 
2.13.4 Precipitation at anomalously high temperatures 
Several papers have indicated the possibility of elevated thermal gradients during the 
early Tertiary (Pearson & Sma1l1988; Burley 1993). This is suggested to have 
OCcurred during the creation of the North Atlantic during the end-Cretaceous to 
Palaeocene. Illitisation of smectite is reported to be thermally controlled (Hower et al. 
1976). Within the North Sea the onset of smectite-illite to illite transformation appears 
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to coincide with the Palaeocene-Eocene boundary (Pearson & Small 1988). They 
suggested that this may indicate that palaeo-temperatures, within the wells sampled, 
reached a maximum 'Within several hundred metres burial in the Eocene. This is not 
considered likely as problems of heat supply and water circulation are created by this 
proposal. We suggest that this is a stratigraphic control (Dypvik 1983). Other 
inferences of increased palaeo-temperatures are based on fluid inclusion temperatures 
which may themselves be reset (Osborne & Haszeldine 1993). 
2.13.S Elevated Palaeocene surface water temperatures 
There is strong isotopic and fossil evidence that surface waters within the mid-Eocene 
were substantially warmer than during the Paleocene times during deposition of the 
Montrose Group. The warming of bottom waters which would affect the shallow 
geothermal gradient is dependent upon the non-existence of a thermo clime within the 
Eocene North Sea which is dependent on the depth and circulation patterns of the 
Eocene North Sea. 
Burchadt (1978) assemble Tertiary mollusc isotopic data from southern England, 
Holland, Germany, Denmark and southern Sweden. Equivalent day molluscs live at 
depths of30-150m. Simple interpretation of the oxygen isotopic ratios of these fossils 
indicate that surface waters during mid-Eocene peak at 53-42Ma. This interpretation 
indicated that surface water temperatures were between 22-28°C during this period 
having risen from 10-14°C during the Thanetian. No information is given in this paper 
about locality, depth of burial of samples (outcrop versus well data) or general 
condition of samples. Schrag et al (1995) consider that the oxygen isotopic ratios of 
carbonate fossils can be strongly affected by any diagenetic effects and have in the past 
lead to misleading interpretation of high Eocene lower-equatorial precipitation 
temperatures. 
The range in 180/160 ratios can alternatively be in interpreted as mixing of marine and 
isotopically light meteoric water within semi-closed Eocene North Sea (Schmitz & 
Hailmann -Clausan (1993). However this warming period has been recognised in 
isotopic analysis ofODP cores from around the world (Corfield 1993). 
The depth of the Paleocene North Sea is a matter of current debate. If the Eocene 
seas were shallower than 200m the thermoclines may not have been established. 
Providing bottom circulation is present, temperature profiles of sea present at present-
day mid-latitudes indicate that water temperatures rapidly drop within the first 10's of 
~etres depth (15-20°C surface temperatures to 5-10°C and drop even more rapidly as 
higher latitudes are reached (Open University 1989». The temperatures of bottom 
. waters of the Paleocene is unknown but there is the possibility that they may have been 
affected by the accepted Eocene warming. If the Palaeogene North Sea had elevated 
?attorn waters temperatures then it is expected that such a strong effect would impose 
Itself upon shallow geothermal gradients in the porous clastic sequence within a short 
geological timescale. 
t14 Oxygen isotopes; results 
Oxygen isotopic compositions range from 15.2 to 29.4%oSMOW. These data can 
conveniently be discussed in geographical groupings identical to those used for 
understanding S13C, Figure 2.12, Table 2.S 
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2.14.1 Shallow proximal area 
Well 14/13-3 (cored depth 825.4-830.8m). 0180 compositions vary from 23.0%0 to 
28.2%oSMOW Table 2.S. 
If depositional marine water (Lower Palaeocene marine water 0180 = -0.9o/ooSMOW, 
Shackleton & Kennet 1974) was present during precipitation, then precipitation 
temperatures were 22- 48°C (mean 32°C), Figure 2.16. Alternatively temperatures of 
precipitation would be less than 5°C for meteoric pore-waters (early Tertiary meteoric 
water, 0180 = -10%oSMOW, Forester and Taylor 1977). 
Isotopic composition trends within concretions are similar, with a 2 to 3%0 decrease 
from the centre of the concretions to the rims, Figure 2.13a, b. In a pore-water of 
Constant composition such a 2 to 3%0 change is equivalent to a 10 to 15°C increase 
during precipitation, equivalent to a 280-420m burial (assuming a 35°C/km geothermal 
gradient). However ifprecipitation temperatures are constant then this oxygen shift 
could also result from precipitation within progressively isotopically lighter pore- fluid 
to create a fluid 2 to 3%0 lower. Such a fluid could be created by mixing depositional 
fluids with; a) meteoric water (with low 804- concentrations) or b) from the alteration 
of volcaniclastics to smectite (Lawrence & Gieskes 1981). Smectitic clays are common 
in the Montrose Group sandstones and this core is particularly tuffaceous and rich in 
igneous clasts (average 8% lithic fragments by volume). The tuffs are not layered but 
were depositionally carried into the sands forming a detrital mud matrix component in 
the sands. Weathering and degradation had taken place prior to deposition. This 
volcanic alteration hypothesis is a possible explanation for the Montrose Group 
concretion compositions to explain the shift in oxygen compositions of concretions 
within this well. It is concluded that porewaters were predominantly marine during 
concretion precipitation though later modifications were made to lighten porewater 
compositions, either due to meteoric water introduction or alteration of igneous 
detritus to smectite clays. 
2.14.2 Witch Ground Graben axis 
These are wells 15/20-4 and 16/28-6 (cored depths 1949.7 to 2019.4m and 2585.8 to 
2736.4m). 0180 composition varies from 20.0 to 20.5%0 and 20.0 to 22.1 %oSMOW 
respectively, Figure 2.13c, i, Table 2.S. 
AsSuming calcite growth in depositional marine waters gives temperatures of 55 to 
70°C. Alternatively, early Tertiary meteoric water (-1 O%oSMOW, Forester and Taylor 
1977) gives precipitation temperatures ofl0 to 18°C, Figure 2.16. The higher 
, precipitation temperatures of 55 to 70°C are unlikely as such temperatures approach 
~~ burial temperatures of 70°C (well 15/20-4) and 95°C (well 16/28-6). Calcite 
IS also amongst the earliest authigenic phases in these paragenetic sequences. Blocky 
kaolinite and the bulk of quartz overgrowths both post-date concretion growth. It is 
suggested that lower temperatures are more consistent with the petrographic evidence 
for shallow concretion growth and possible biodegradation processes. 
In both wells sampled there is an increase in 0180 values 20.3 to 20.5%oSMOW and 
20.90 to 22.2%oSMOW respectively. This corresponds to either an increase in pore-
Waters 0180 values or an increase in temperature, in porewaters of constant 
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composition, of -2°C and -12°C at precipitation temperatures less than 40°C. For 
geothermal gradient of 35°1km this can be interpreted as burial of70 and 420m during 
precipitation. 
Early precipitation of calcite is commonly explained by the presence of meteoric pore-
Water. During the early Tertiary within the Central North Sea (Milton et al1990; 
Mudge & Cope stake 1992) a combination of delta progradation and sea level fall 
(Jones & Milton 1994; Reynolds 1994) did occur shortly after deposition of Montrose 
Group sandstones and is likely to have provided sufficient head for meteoric flushing 
(TimbrellI993; Stewart et aI. 1994), Figure 2.17. This took place before significant 
burial «50Om) and before the compaction of overlying muds creating an impermeable 
seal. Within the Witch Ground Graben sufficient connectivity exists within the 
regionally extensive Andrew Formation to act as an aquifer for pore-water movement 
(Den Hartog Jager et aI. 1993). Other evidence for the meteoric flushing during the 
Tertiary (Barnard and Bastow 1992) is the distribution of degraded hydrocarbons 
within Palaeocene sandstones in the Northern North Sea. Oils uniformly decrease in 
APIo towards coastlines, indicating that bacterial degradation processes were more 
important in those palaeo-geographies. Although 013C values indicate hydrocarbon 
degradation, no evidence of deep basin waters are found in 0180 distributions. 
2.14.3 South Witch Ground Graben flank 
These cements are from wells 15/26-3 and 15/26-4 (cored depths 1874.6-1929.75m 
and 2066.4-2476m respectively). 0180 varies from 18.0 to 22.8%oSMOW. and 15.2 to 
29.4%oSMOW respectively, Figure 2.12, Table 2.5. 
Oxygen composition of concretions with positive carbon ratios from these two wells 
have remarkable consistent oxygen isotopic ratios. The values fall in a narrow range 
between 20.3 to 22.8o/ooSMOW. The maximum variation within a single concretion is 
0.8%0 SMOW which is equivalent to about 8°C variation in temperature. During 
precipitation at temperatures less than 40°C in porewaters of constant isotopic 
composition. Assuming marine pore-waters for these carbonates yields precipitation 
temperatures of between 45-65°C, Figure 2.16, and assuming meteoric water, this 
results in precipitation temperatures of between 5-15°C. 
Carbon isotope ratios from these cements indicate definitely that cement formed within 
the fermentation zone (2.12.3). Although fermentation and sulphate reduction can take 
Place concomitantly, fermentation dominates when waters are lacking in available 
sulphate. This can happen either when sulphate is used up in marine pore-fluids during 
,burial, or when pore-waters are meteoric and low in S04- concentrations. Fermentation 
takes place at a general temperature range of 10m to 1000m, 5-40°C (Irwin et ale 
1977). 
Therefore mixed pore-waters with a strong meteoric component are suggested, because 
of the 013 C evidence for cementation within the fermentation zone. These cores 
underly a major late Palaeocene deltaic complex (Moray Formation; Deegan & Scull 
1977) which prograded into the Palaeocene Central North Sea shortly after deposition 
of these cored sandstones. Influx of meteoric water is suggested to have occurred 
during this time. 
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Samples taken from chalky rich clastic beds have oxygen isotopes ratios from 24.8 to 
31.6%oSMOW (and ol3e= -2.7 to +0.6%oPDB and one at -14.0%oPDB). Such values 
indicate precipitation from marine pore-waters at temperatures between 10-40oe. Two 
samples from well 15/26-4 at 2468.5 and 2469.9 within chalky rich beds have 0180 = 
17.9 and 15.2%oSMOW respectively with slight negative carbon isotopic ratios of -1.8 
and -3.6%oPDB respectively. This suggests that re-precipitation of calcite from chalk 
has taken place during high water-rock ratios in the presence of meteoric water at low 
temperatures less than 400 e 
2.14.4 Distal Wells 
These are wells 16/29-2 (2623.2 to 2688.8m) and 23116-4 (2150.19 to 2320.69m) and 
samples from 21110-1,22/17-4 and 22/20-3. Minus-cement porosities suggest growth 
at depths of700-120Om. 
16/29-22642.6 to 2643.5m concretions has very similar oxygen values 18.0 to 
18.3%oSMOW Figure 2.13j. 2664.9 to 2666.9 concretion again has slight variation in 
oxygen composition, 17.9 to 19.5%oSMOW Figure 2.13k. Samples from a concretion 
within a chalky rich bed (2683.5m) has values of 18.0 and 18.2%oSMOW, Figure 2.131. 
An adjacent calcite vein (2682.8m) has o180=17.5%oSMOW. A sample from a 
Concretion at the top of the core (2638.0m) has oxygen values of 18.0 and 
23.6o/ooSMOW Figure 2.ISe. The 23 .6%oSMOW value may be result of experimental 
error. The value of concretions around 18.0 indicate precipitation at temperature of 
82°e within Tertiary marine pore-waters or 26°e within Tertiary meteoric water. The 
calcite vein indicates precipitation temperatures of 87°e within marine pore-waters or 
300 e in meteoric water. 
21/10-1 oxygen values for Fe-calcite are between 19.2 and 22.1%oSMOW 
22/17-4 oxygen values for the Mn-calcite are between 19.2 and 19.8%oSMOW 
22./20-3 oxygen values for the two Mn-calcite samples are 22.3 and 23.0%oSMOW 
For these wells ifmarine pore-waters are chosen, then precipitation temperatures are 
45-70oe, by contrast meteoric water suggests 5-25°C Figure 2.16 
23/16-4 Most samples taken from cemented horizons have oxygen values between 20.3 
and 21.8%oSMOW and 013C=-88.2 to -O.4%oPDB Figure 2.15d. Precipitation 
temperatures are 55-70oe for marine pore-fluids and 10-15°e for meteoric pore-fluids 
Figure 2.16. Samples taken near the top of the Montrose Group at 2156m and at 
further down the core at 2316.5m which have 013e around zero (-0.3 to +0.6%oPDB 
have 0180 values around 17.5 to 18.2%oSMOW. This suggests that precipitation 
temperatures in marine pore-fluids were 80-88°C and 25-30oe for meteoric fluids. A 
calcite vein at 2316.6m has 0180 = 18.1%oSMOW. 
A chalk sample at 2369.4m has 0180 =24.5%oSMOW which suggests precipitation 
temperature of 40°C from marine porewaters and 2°C for meteoric waters pore-fluids. 
~o~ all t~ese wells pore-waters with a purely meteoric composition is an unlikely pore-
uld durmg precipitation because of the low temperatures inferred. Carbonate are 
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petrographically late and post-date quartz and kaolinite precipitation. Kaolinite 
predates calcite growth and isotopic compositions BI80%oSMOW kaolinite=II-20) 
indicate that mixed meteoric -marine porewaters were present during precipitation 
Chapter 4. This implies that by the time oflate carbonate precipitation, porewaters 
isotopic compositions had reverted to marine water compositions. Present day 
compositions of Forties Field porewaters are between BI80 =-0.9 to +1.7%oSMOW 
(Emery & Robinson 1993b). This reversion towards marine water compositions was 
probably due to saline compactional waters from surrounding mudrocks mixing with 
and pushing out mixed meteoric -marine were during burial. Water of a marine-
dominated isotopic composition are compatible with conditions or precipitation. 
Palaeo-temperatures derived from oxygen isotope ratios can only be used to predict 
depth of precipitation if geothermal gradients and surface temperatures are constant 
throughout burial. Palaeo-temperatures within the Montrose Group must have been 
elevated during the Eocene global warming (Burchardt 1978). If temperatures were 
raised by 10°C during shallow burial «lkm) then depth ofprecipitation suggested by 
precipitation temperatures using bottom water temperatures of 5°C and standard 
35°/km for the Palaeocene sandstones may be misleading. Depth of precipitation if 
temperatures were 10°C higher would raise precipitation depth by 300m. 
Palaeotemperatures may also have been raised in the close vicinity of Zechstein salt . 
diapir. The high thermal conductivity of salt transfers heat rapidly vertically to locally 
raise burial temperatures. Precipitation depth generated from simple interpretation of 
BI80 values from wells 22/20-3 and 23/16-4 close to salt diapirs may be deeper than is 
actually the case. 
1.IS Strontium 
Data have been plotted on 87Sr/86Sr_ BI3C, Sr(ppm)-Rb(ppm) and 87Sr/86Sr -Sr(ppm), 
plots, Figure 2.1S. 87Sr/86Sr ratios range from 0.70771 to 0.70985 and Sr 
concentrations range from 313.8ppm to 1138.6ppm, Table 2.6. 
Strontium is incorporated as a minor component into carbonate minerals, substituting 
for Ca. Strontium is chemically very similar to Ca and the 87 Sr/86Sr ratio is thus taken 
to record the source of both Sr and Ca Strontium in marine carbonate has a low ratio 
(0.707 to 0.709) reflecting the Sr composition of seawater whereas Sr derived from 
silicate minerals has a much higher, more radiogenic 87Sr/86Sr ratio commonly 0.720 or 
greater (Halliday et al. 1979; Hamilton et al. 1987) Table 2.6b. 
There are 5 possible sources for strontium included in Palaeocene sandstone 
concretions;:-
2.15.1.1 Palaeocene seawater 
Palaeocene seawater values vary from 0.70772 to 0.70780 (Smalley et al. 1994). The 
87Sr/86Sr curve generated by Smalley et al. (1994) has been compiled from Sr analysis 
of unaltered fossils. 87Sr/86Sr ratios are precise enough to deduce age dates to <2M.a. 
in the Cenozoic. . 
2..15.1.2 Dissolution of Palaeocene shell 
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Palaeocene shells will have the same ratios as Palaeocene seawater, ie 0.7072 to 
0.70780. Concentration ofSr in shells is commonly 100's to 1000's ppm. 
2.15.1.3 Dissolution of detrital chalk 
Ekofisk Field chalks (primary calcite free from cement) are 0.70778 to 0.70793 
(Smalleyet al. 1992). Sr concentrations are 300 to 3000ppm (Taylor & Lapre 1987). 
2.15.1.4 Water imported into the sandstones 
Meteoric water contains negligible Sr, so any Sr would have to have come from the 
dissolution of Sr bearing minerals (carbonate, feldspar and mica) during flow. An 
example of this was illustrated by Smalley et al. (1994) who identified meteoric flushing 
for 25km away from outcrop (50m vertical head), within a limestone bed (40m 
maximum thickness). Sr concentrations up to 2mg/l increased away from outcrop. 
2.15.1.5 Dissolution of Sr-containing detrital minerals 
Detrital Caledonian feldspars from within the provenance region typically have 87Sr/86Sr 
of 0.705 to 0.745 and strontium concentrations of 125-1000ppm (Hallidayet al. 1979; 
Haughton et al. 1991) Table 2.6b. Very radiogenic strontium can be supplied by the 
dissolution of micas (87Sr/86Sr = 0.79; Halliday et al. 1979). The dissolution of detrital 
micas and feldspars within Brent Group sands is held responsible for the high 87Sr/86Sr 
ratios found in authigenic carbonates (Brint 1989; Haszeldine et al. 1992). 
2.15.2 Results 
Well samples in this study can be divided into two general groups 
a) those with 87Sr/86Sr values similar to that of Palaeocene shells 
b) those with a strong radiogenic component 
A chalk clast sample analysed from well 23/16-4 (87Sr/86Sr =0.70793, 813C=0.83%oPDB) 
falls close to the Ekofisk Formation range (Smalley et al. 1992; Taylor & Lapre 1987). 
Samples from wells 14/13-3. 15/20-4, 15/26-3, 15/26-4, 16/28-6 and 16/29-2 
Carbonate samples from these wells have 87Sr/86Sr ratios that are within recorded 
strontium ratios measures from unaltered Palaeocene and Cretaceous carbonate shell 
fossils. It is likely that all these samples derived Sr from the dissolution of detrital 
carbonate Figure 2.18, Table 2.6. In the case of wells 15/20-4 and 16/28-6, 
concretions in both samples increase in radiogenic component towards the concretion 
edge during precipitation. The lack of correlation between Sr and Rb concentrations 
also makes a contribution from feldspar dissolution unlikely, Figures 2.18b, c. 
Samples from wells 21/10-1,22117-422/20-3 and 23/16-4 
All contain significantly higher 87Sr/86Sr than the other samples" Figure 2.18a, Table 
2.6. AvailableSr could reasonably have been derived from dissolution of detrital 
feldspars. Certainly silica cementation from well 22/20-3 unequivocally pre-dates 
Concretion precipitation. Pre-cement porosities within these samples are relatively low 
indicating greater burial before and during precipitation. This allows more time for 
feldspar dissolution. Texturally later concretions show increasingly radiogenic 87Sr/86Sr 
values up to 0.70964. Enriched 87Sr/86Sr waters could also have been introduced from 
two other sources, i) overlying Tertiary muds could have introduced porewaters during 
compaction. Present day overpressure gradually increases upwards within the muds, 
this implies fluid movement into the sandstones (Darby et a 1. 1995 in press). ii) 
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, 
overpressured Jurassic sandstones underlying the Tertiary sandstones may have 
introduced modified porewaters during pressure-release through major faults and areas 
affected by salt-diapirism (Burley 1993) see Chapter 6. The small rise in 87Sr/86Sr 
ratios within these wells indicate a definite contribution of silicate strontium but the 
slight increase can be accomodated by the small amounts of feldspar dissolution within 
the Montrose Group sediments. This hypothesis is a simpler, and therefore the 
accepted explanation, than the transfer of87Sr enriched fluids from underlying pre-
Tertiary sediments. Similar trends of calcite cements with higher than depositional 
87Sr/86Sr ratios are seen within Upper Cretaceous chalk fields within the North Sea, 
Taylor & Lapre 1987 and Smalley et al. 1992. The rise in Sr ratios are linked to 
organic acid dissolution of in-situ silicates within the Cretaceous deposits. A rise in 
87Sr/86Sr ratios oflate diagenetic carbonates in the southern North Sea Rotliegendes 
sandstones was identified by Sullivan et al. (1990). Here the variations in Sr ratios 
were so large (early dolomite 87Srl6Sr-D.7076, and late ankerite 87Sr/86Sr-D.7112) that 
they could be confidently interpreted as resulting from the transfer of87Sr-rich fluids 
from Carboniferous mudstones into overlying Rotliegendes sandstones. 
2.15.3 Coupled carbon and strontium compositions? 
In both wells 1 S/20-4 and 16/28-6 samples were taken from near the centre of the 
Concretions and towards the rim, Figure 2.19. There is a weak correlation between 
carbon and strontium isotopic compositions. This suggests that the processes releasing 
radiogenic 87Sr may have been linked to the processes affecting 13C. 
Carbon isotopes reflect an oxidative source for carbon from degrading hydrocarbons, 
While strontium values indicate a specific starting source - Palaeocene shell dissolution. 
The composition of the concretions moves towards lower l3C and more radiogenic 
87S ,/86S . Th d . 13C bo ... d' . . r, r ratIOS. e ecreasmg car n compOSItIOn m Icates an mcrease m 
components from oxidation of methane (a13C--SO%oPDB) and a decreasing component 
of detrital carbon (aI3C - O%oPDB). Oxidation of methane generates organic acids. 
Such acids have been proposed as being responsible for the dissolution offeldspars 
(Surdam et al. 1984). Such dissolution would then account for the increase in 87Sr 
within concretions. 
t16 Size of concretions 
Montrose group concretions are between lScm to 300cm in thickness along core 
length. Within well 23116-4 concretions are evident as individual beds are less than 2m 
thick. All other sampled wells have massive sandstone units at least several metres in 
thickness. Within well 23116-4 are cemented horizons equivalent to beds. 
According to calculations by Wilkinson & Dampier (1990) the growth of a 1m 
concretion, a slightly larger than average Palaeocene concretion requires 9My to 
precipitate in static fluid, and only S. 7 My within fluids moving at 1 m a-I (metre per 
annum) ifsourced only by shell dissolution. Wilkinson & Dampier (1990) assume that 
the only source for carbonate is the initially even distribution of detrital carbonate 
within the sandstone body, that solute precipitated as a cement on the concretion 
surface only and that dissolution of aragonitic shell material is rapid compared to other 
processes and is therefore considered unimportant in determining concretion growth 
times. 
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The times generated by Wilkinson & Dampier (1990) appear unrealistic for concretion 
growth in these Paleocene sandstones as subsidence is particularly rapid and sediments 
would compact to lower porosities. Sufficient changes are not recorded isotopically or 
texturally to permit long precipitation times. Oxygen isotope ratios across individual 
concretions are consistent with precipitation at fairly constant temperatures. They do 
not show the textural or chemical changes that may be expected if precipitation took 
Place over a range of temperatures during burial. Therefore the supply of cementing 
ions must have been very rapid, as might be expected if sourced from migrating fluids. 
t17 Conclusions 
Concretionary carbonate is a ubiquitous authigenic cement throughout the Lower 
Paleocene sands. Calcite cement forms up to 10% of the cored reservoir sandstones. 
Within the Montrose Group sandstones there is a wide spread ofa18o and aBc values. 
Figure 2.20. ~ 
1) In palaeo-nearshore well 14/13-3, calcites precipitated by process of sulfate 
reduction and dissolution of detrital carbonate within cool «35°C) predominantly 
marine pore-fluids. 
2) In Witch Ground Graben axis wells 15/20-4 and 16/28-6 unusually strong 
. component of unmodified organic aBc suggests that anaerobic oxidation of 
hydrocarbons occurred during shallow burial «30°C) within mixed meteoric-marine 
pore waters. These hydrocarbons may have migrated vertically from the Kimmeridge 
Clay Formation. 
3) In Witch Ground Graben flank wells 15/26-3 and 15/26-4, various reactions 
occurred. These reactions supplied carbon by detrital calcite dissolution, within cool 
marine waters, fermentation of detrital organic matter, and sulfate reduction/slight 
Oxidation of methane within mixed meteoric- marine waters at temperatures less than 
40°C. 
4) In wells 16/29-2,21110-1,22/17-4,22/20-3, and 23/16-4, low minus-cement 
porosities suggest deeper and higher temperature reactions sourcing the carbon 
possibly associated with abiotic degradation of organic material, and dissolution of 
detrital carbonate, all within pore-waters of a marine composition at temperatures 
>50°C. 
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Figure Captions 
Figure 1 - Structural map of base Cretaceous features showinglocation of wells 
sampled. A - 14/13-3, B - 15/20-4, C - 15/26-3, D- 15/26-4, E - 16/28-6, F - 16/29-2, 
G - 21/10-1, H - 22/17-4, J -22/20-3 and K - 23116-4. 
Figure 2a - Tertiary lithostratigraphical nomenclature (after Deegan and Scull 1977). 
Figure 2b - Distribution of the Moray and Montrose Groups and their formations in the 
area south east of the Halibut Horst (after Deegan & Scu111977) 
Figure 2.3 - Concretion from well 16/28-6 (2640.35m), scale bar is 2cm long. 
Concretion is oblate spheroidally shaped. 
Figure 2.4 - Photomicrograph illustrating the presence of small dolomite rhombs within 
main calcite cementing phase. Outlining dolomite crystals is bituminous-like staining. 
~ 
Figure 2.5 - Mn(%)-Fe(%) cross plot of authigenic carbonate 
Figure 2.6 - Mn(%)-Mg(%) cross plot of authigenic carbonate. Mg rich values of 
15/26-3 refer to ankerites. Mg rich values of 16/28-6 carbonates refer to dolomite 
rhombs. 
Figure 2.7 - Mg(%)-Fe(%) cross plot of authigenic carbonate 
Figure 2.8 Fe(%),Mn(%),Mg(%) -cored depth plots of authigenic carbonates. Extent 
of carbonated zone (concretions) is marked by arrow on the left hand side. Figure 2.8g 
refers to entire well 23/16-4. 
a) 15/26-3 1877.8-1873.3m 
b) 15/26-3 1894.2-1895.4m 
c) 15/26-4 2273.9-2274.9m 
d) 16/28.6 2681.4-2683.2m 
e) 16/29-2 2642.5-2645.5m 
1) 16/29-2 2664.5-2667.0m 
g) 23116-4 2150-2350m 
h) 16/28-6 2681.4-2683.2m (dolomite rhombs) 
Figure 2.9 - Cathodoluminescence photomicrograph from 16/28-6 (2681.5m) 
illustrating high minus-cement porosities and no zoning of carbonate 
Figure 2.10 - Cathodoluminescence photomicrograph from 16/29-2 (8748'10"). . 
. Though not concentrically zoned the concretion has sector zoning a feature associated 
with initial preciptation. 
Figure 2.11 - Minus-cement porosity graph. Compaction curve is from Baldwin & 
Butler (1985). The growth depth of carbonate concretions can be estimated by 
assuming that diagenetic cements filled all inter-grain porosity, and that no major 
replacement of the carbonate has occurred. It is apparent that although the compaction 
J Curve is only an approximation, concretions precipitated at different depths during 
burial. Well labelling A to K as in Figure 2.1. . 
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Figure 2.12 - 0180SMOW (calcite)-o13CPDB (calcite) cross-plot of concretion values. 
Figure 2.12 - 0180SMOW (calcite)-o13CPDB (calcite) cross-plot of data interpreted. 
Compositions has been grouped according to wells These define palaeo-geographical 
areas which also relate to distinct organic processes. See text for interpretation. 
Figures 2.13 Cored depth - 0180SMOW (calcite) and 013CPDB (calcite) for individual 
Concretions 
a) 14/13-3 
b) 14/13-3 
c) 15/20-4 
d) 15/26-3 
e) 15/26-3 
f) 15/26-4 
g)15/26-4 
h) 15/26-4 
i) 16/28-6 
j) 16/29-2 
k) 16/29-2 
I) 16/29-2 
825.4-825.7m 
830.3-830.9m 
2012.45-2012.6m 
1877.6-1878.6m 
1894.0-1895.5m 
2272.5-2275.0m 
2300.1-2300.6m 
2467.0-2470.5m 
2681.0-2683.5m 
2641-5-2645.5m 
2664.5-2667.5m 
2682.6-2683.8m 
Figure 2.14- SEM photomicrograph of a rare coccolith within a concretion in well 
15/20-4 (2012.5m). 
Figure 2.15 Cored depth - 0180SMOW (calcite) and 013CPDB (calcite) for core length 
a) 15/26-3 1870-1940m 
b) 15/26-4 2250-250Om 
c) 16/29-2 2630-2690m 
d) 23/16-4 2150-2400m 
Figure 2.16 - 0180SMOW (water)-precipitation temperature cross-plot. A range of 
porewaters and precipitation temperatures are available for each 0180SMOW (calcite). 
To constrain temperatures, 013CPDB (calcite) values and minus-cement porosities can 
be used to limit precipitation depths. 
Figure 2.17 Model for meteoric water influx 
Figure 2.18 a) (87Sr/86Sr)4s_o13CPDB (calcite) crossplot. Texturally early concretions 
have 87Sr/86Sr ratios close to Palaeocene seawater. Late concretions wells g, h, j and k 
have a radiogenic component. 
1, Range ofo139PDB values of chalk matrix (Taylor & Lapre 1987) 
2, Range Of013CPDB values of authigenic calcite cements (Taylor & Lapre 1987) 
3, Range of 87Sr/86Sr of Palaeocene seawater (Smalley et al. 1994) 
4, Range of87Sr/86Sr of Zechstein seawater (Smalley et al. 1994) 
5, Range of87Sr/86Sr of Upper Cretaceous seawater (Smalley et al. 1994) 
6, 87Sr/86Sr_o13CPDB field containing Ekofisk Field chalk values (Smalley et al. 1992) 
b) and c) Compared with detrital feldspars (Halliday et al. 1979, Haughton et al. 1991), 
concretions have little Rubidium and are depleted with respect to Sr. Line a on graph c) 
refers to concentration of Sr within chalk matrix (Taylor & Lapre 1987) 
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Figure 2.19 (87Sr/86Sr)-513CPDB crossplot contains values from wells 15/20-4 . 
(2012.5m) and 16/28-6 (2681.5m to 2683.2m). Carbon and strontium supply may be 
linked. As carbonates decrease in' 0, strontium ratios increase. 
Figure 2.20 Summary processes cartoon. T = Tertiary muds, P =Palaeocene Montrose 
Group sandstones, K = Cretaceous, J =Jurassic sequence induding Kimmeridge Clay 
Formation, Tr =Triassic, Z = Zechstein salt dome. Area 1 Interaction of meteoric water 
and early migrating oil during the late Palaeocene resulted in precipitation of carbonates 
with extremely low 013CPDB values. Area 2 Area away from either migration route of 
early migrating hydrocarbons or hydrocarbons had become too degraded to have 
reached this area. Carbonates precipitated with typical positive fermentation 013CPDB 
values. Area 3, late carbonates within this area precipitated as a result of 
decarboxylation and remobilisation of detrital calcite. Strontium ratios indicate that 
Montrose Group porewaters may have been mixed with migrating fluids containing 
radiogenic Sr resulting from the dissolution of silicate minerals. This may have come 
from the underlying Jurassic sequence. We suggest that fluid movement is associated 
with salt diapirism. 
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Tables 
Table 2.1 List of cored sample wells 
14/13-3 15/20-4 15/26-3 
16/29-2 21/10-1 22/17-4 
15/26-4 
22/20-3 
16/28-6 
23/16-4 
Table 2.2 Grain size of carbonate cement 
Well Crystal grain size 
14/13-3,15/26-3,15/26-4 10-8Ollm 
15/20-4,16/28-6,23/16-4 40-6Ollm 
16/29-2,21/10-1,22/17-4,22/20-3 100-4OOllm 
Table 2.3 Carbonate mineralogy 
Well/sample Fe% Mn% Ca% Mg% 
Cored depth (m) 
14113-3 
824.9m 2.18 1.80 93.38 2.65 
2.49 1.33 92.16 4.01 
2.55 1.50 92.28 3.67 
2.55 1.61 92.42 3.42 
2.02 1.26 93.34 3.38 
830.3m 4.14 0.64 92.50 2.71 
1.60 6.67 90.52 1.21 
1.65 7.52 90.54 0.29 
1.72 9.40 89.07 1.53 
1.87 8.34 88.37 1.42 
830.4m 3.36 0.77 92.66 3.21 
3.67 0.88 93.13 2.92 
3.15 0.88 93.18 2.79 
3.48 1.04 92.82 2.66 
3.42 0.83 92.87 2.88 
2.99 1.09 93.04 2.88 
15120-4 
2012.5m 1.93 3.42 90.71 2.75 
1.67 2.50 92.59 3.67 
2.33 2.66 91.51 3.50 
1.78 2.59 91.55 4.08 
1.69 2.63 91.72 3.95 
15126-3 
1874.3m ' 16.76 0.57 60.92 21.76 
17.20 0.43 60.57 22.21 
19.02 0.21 60.45 20.32 
16.84 0.51 61.33 21.33 
17.46 0.29 60.25 22.01 
1877.9m 18.16 0.35 60.00 21.49 
15.81 0.43 60.89 22.87 
15.60 0.57 61.50 22.33 
15.67 0.37 62.15 21.81 
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13.72 0.68 62.45 23.24 
1878.0m 24.84 0.15 58.89 16.12 
14.70 0.41 61.85 23.04 
14.11 0.40 61.63 23.76 
13.63 0.16 61.32 24.89 
22.88 0.30 58.32 18.49 
1894.3m 3.70 0.00 95.70 0.60 
3.78 0.11 95.65 0.46 
2.38 0.12 96.91 0.59 
3.27 0.30 95.63 0.81 
3.47 0.35 95.70 0.48 
1895.2m 1.61 1.63 95.89 0.86 
1.10 0.37 97.17 1.36 
1.33 0.78 96.68 1.21 
15126-4 
2724.0m 0.00 0.59 98.47 0.94 
0.27 0.55 98.48 0.71 
1.03 0.23 98.04 0.88 
2274.4m 0.23 0.57 98.10 1.10 
0.75 0.30 98.24 1.05 
0.39 0.26 98.37 0.76 
0.44 0.88 98.00 0.48 
0.54 0.39 97.75 1.32 
2274.5m 1.38 0.50 96.24 1.88 
1.27 0.34 97.42 0.97 
1.03 0.08 97.55 1.34 
2274.6m 0.00 0.62 97.72 1.66 
0.00 0.49 98.44 1.07 
0.98 0.56 98.32 1.03 
2274.7m 0.00 0.48 97.99 1.53 
0.26 0.24 98.79 0.71 
0.02 0.27 98.93 0.78 
16128-6 
2681.6m 5.03 0.64 50.78 43.56 
1.44 0.74 93.75 4.074 
4.64 0.62 50.30 44.44 
1.83 0.99 92.41 4.80 
1.58 0.88 93.84 3.70 
1.56 0.95 93.21 4.28 
1.49 0.86 93.08 4.57 
5.06 0.59 49.43 44.92 
1.63 0.90 92.55 4.92 
2681.7m 1.00 5.04 92.19 1.78 
5.91 0.74 50.43 42.92 
1.22 1.20 95.76 1.826 
1.59 0.86 92.85 4.703 
3.17 0.54 57.39 38.90 
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1.87 0.92 92.12 5.098 
5.59 1.11 49.44 43.86 
1.13 ·1.69 95.38 1.81 
2682.0m 1.22 0.87 96.73 1.19 
0.96 1.05 97.27 0.72 
0.93 1.00 97.82 0.25 
1.11 1.24 96.91 0.74 
1.36 1.54 95.92 1.18 
4.66 0.58 54.18 40.58 
3.33 0.63 53.59 42.45 
3.16 0.43 53.73 42.68 
5.42 0.74 52.82 41.02 
2682.3m 1.16 1.21 96.80 0.828 
1.39 1.54 95.49 1.574 
1.21 1.05 96.55 1.19 
1.56 0.97 94.77 2.70 
1.30 1.45 96.02 1.23 
1.40. 1.38 96.06 1.15 
1.54 0.60 48.58 49.27 
4.09 0.43 50.98 44.51 
6.86 0.71 49.61 42.83 
3.12 0.54 52.25 44.10 
5.71 0.65 50.37 43.28 
2693.0m 1.08 1.60 96.07 1.26 
1.24 1.62 95.04 2.11 
1.28 1.81 95.49 1.42 
1.36 1.86 95.94 0.84 
1.31 1.52 95.98 1.19 
4.01 0.68 52.51 42.81 
1.76 1.48 44.59 52.18 
3.68 0.76 54.47 41.09 
3.75 0.66 53.47 42.13 
6.54 1.15 46.01 46.30 
16/29-2 
2642.6m 1.30 8.39 89.59 0.72 
0.89 6.97 91.76 0.71 
1.31 7.84 90.05 0.79 
1.46 8.29 89.31 0.95 
1.18 9.51 88.49 0.82 
2643.5m 0.56 4.93 94.10 0.40 
1.39 8.19 89.38 1.04 
0.68 0.61 98.24 0.47 
0.54 5.44 93.62 0.40 
1.06 5.62 93.06 0.27 
2645.1m 0.92 6.61 91.80 0.68 
1.12 7.17 91.23 0.49 
0.65 5.15 93.76 0.45 
0.97 7.36 90.60 1.07 
0.83 7.24 90.68 0.72 
2644.7m 0.16 6.67 92.25 0.10 
0.73 7.46 91.29 0.51 
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0.40 8.00 91.35 0.26 
0.64 7.00 91.87 0.49 
0.69 7.24 91.66 0.42 
2645.2m 0.78 6.68 91.70 0.84 
0.61 ·4.70 94.27 0.42 
0.44 5.03 93.66 0.88 
0.80 4.88 94.10 0.22 
0.65 6.96 91.65 0.75 
2645.4m 1.06 7.00 90.86 1.08 
0.87 7.52 90.59 1.02 
0.63 6.48 92.15 0.74 
1.21 7.81 89.86 1.19 
0.51 6.84 92.08 0.58 
2664.9m 0.68 5.08 93.80 0.44 
0.61 4.85 93.98 0.56 
0.79 4.19 93.52 0.67 
0.63 4.57 93.96 0.84 
0.81 3.61 95.57 0.01 
2666.4m 0.87 6.89 91.46 0.77 
0.85 7.59 91.29 0.27 
0.92 5.51 92.86 0.70 
0.90 8.10 90.44 0.56 
0.76 5.90 92.62 0.61 
0.86 6.12 92.57 0.45 
2666.9m 1.20 7.83 90.36 0.66 
1.11 8.42 89.60 0.87 
0.76 3.26 95.85 0.14 
0.47 2.52 96.06 0.95 
0.63 3.10 96.03 0.25 
21/10-1 
2242.4m 4.57 1.55 92.65 1.24 
4.21 0.27 93.60 0.92 
4.36 0.06 93.38 1.19 
4.74 1.32 92.52 1.43 
4.12 1.37 93.19 1.32 
2266.2m 4.49 1.23 92.78 1.50 
4.36 1.31 93.10 1.23 
4.56 1.46 92.67 1.31 
4.20 1.54 93.08 1.18 
3.46 0.80 94.62 1.12 
22/17-4 
3107.1m 0.93 5.27 93.48 0.33 
0.81 4.91 93.68 0.61 
0.89 5.28 93.44 0.39 
1.31 4.99 93.03 0.67 
0.83 6.12 92.74 0.30 
22120-3 
2689.45m 1.94 4.91 92.57 0.57 
1.72 4.32 93.54 0.42 
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2.13 1.18 96.55 0.14 
1.76 4.15 93.82 0.27 
1.75 4.91 92.77 0.57 
2689.7m 1.95 6.47 90.81 0.77 
1.77 5.02 92.38 0.84 
1.33 4.60 93.45 0.63 
1.71 4.82 92.82 0.66 
2.16 6.41 91.36 0.07 
23/16-4 
21155.9m 1.47 5.65 92.52 0.36 
1.53 6.18 91.37 0.92 
1.35 5.38 92.42 0.85 
1.83 5.14 91.67 1.36 
1.37 5.35 92.33 0.56 
2156.6m 0.68 2.13 97.18 0.01 
1.91 6.39 90.78 0.92 
2.18 6.04 90.92 0.86 
2202.3m 1.72 4.22 93.55 0.51 
1.77 4.07 93.50 0.73 
1.62 4.54 93.55 0.29 
1.39 3.91 94.71 0.00 
1.89 3.89 93.61 0.61 
2310.2m 0.54 0.90 98.40 0.16 
1.73 1.59 95.85 0.83 
1.01 1.61 96.55 0.83 
2310.4m . 1.09 2.57 96.00 0.33 
1.41 1.11 97.48 0.00 
1.11 2.15 95.78 0.96 
0.65 0.43 98.91 0.00 
0.77 0.63 98.65 0.55 
2310.6m 0.23 0.21 98.87 0.70 
0.30 0.30 99.26 0.15 
0.93 0.76 97.32 0.99 
0.69 0.53 97.38 1.23 
0.95 0.72 97.73 0.59 
2316.5m 1.37 0.84 97.79 0.19 
0.93 0.57 97.30 1.20 
1.43 0.97 98.16 0.53 
0.94 0.46 97.51 1.09 
1.14 1.36 97.24 0.28 
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Table 2.4 Point count data of concretions 
Well Cored %carbonate Well Cored %carbonate 
depth(m) depth(m) 
14113-3 825.4 46.2 16/28-6 2721.25 39.8 
825.6 46.2 2681.55 47.6 
830.5 37.2 2681.66 49.8 
830.7 40.8 2682.00 51.0 
830.70 41 2682.25 36.8 
15/20-4 2012.5 46 16/29-2 2666.66 42.6 
15/26-3 1895.18 42.4 2667.00 35.2 
1878.25 42.6 21110-1 2242.4 30.0 
15/26-4 2213.56 67.0 23116-4 2155.98 35.6 
2221.700 46.4 2156.51 37.2 
Table 2.5 Carbon and oxygen composition of concretions 
Well Sample 
Cored depth 
513CPDB 518QPDB a18oSMOW 
(m) 
14113-3 825.43 -13.5 2.6 28.2 
825.44 -13.6 -3.2 27.6 
825.45 -14.2 -3.1 27.7 
825.58 -4.0 -7.7 23.0 
825.59 -4.0 -7.3 23.4 
830.35 -9.9 -5.6 25.2 
830.36 -8.7 -5.3 25.4 
830.37 -7.5 -6.2 24.5 
830.38 -3.7 -4.2 26.6 
830.31 -3.2 -4.3 26.5 
vein 830.32 -3.4 -4.4 26.3 
830.33 -5.1 -4.6 26.2 
830.70 -5.5 -6.7 24.0 
830.71 -9.0 -5.5 25.3 
830.72 -10.5 -5.7 25.0 
830.73 -9.3 -5.2 25.6 
830.82 -10.8 -4.9 25.8 
830.83 -9.8 -4.5 26.3 
830.84 -8.3 -5.4 25.3 
830.85 -5.6 -7.3 23.4 
15120-4 2012.5 -29.0 -10.5 20.5 
2012.5 -26.7 -10.5 20.5 
2012.5 -26.0 -10.4 20.2 
2012.5 -25.2 -10.6 20.0 
2012.6 -24.1 -10.4 20.2 
2012.6 -23.3 -10.3 20.3 
15126-3 
ankeri te 1874.3 12.7 -10.3 20.3 
ankeri te 1875.2 -18.9 -9.5 21.2 
ankeri te 1877.9 10.3 -7.9 22.8 
ankerite 1878.0 11.0 -8.0 22.7 
ankerite 1878.3 9.8 -7.9 22.8 
1894.5 12.6 -10.3 20.3 
1894.8 13.5 -10.2 20.4 
1925.9 -6.7 -12.5 18.0 
1929.8 -1.3 -5.9 24.8 
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15126-4 2272.9 -18.5 -9.2 21.4 
2274.0 11.1 -9.8 20.9 
2274.3 11.0 -8.0 22.7 
2274.5 11.7 -9.7 20.9 
2274.6 11.5 -9.4 21.2 
2274.7 11.0 -9.7 20.9 
2467.7 0.4 -1.5 29.4 
2468.5 -1.8 -12.6 17.9 
2469.9 -3.6 -15.3 15.2 
2469.9 2.6 -2.7 28.2 
2300.3 -14.0 0.6 31.6 
2300.5 9.0 -9.7 21.0 
16128-6 2681.5 -24.8 -8.5 22.2 
2681.6 -21.9 -8.9 21.7 
2681.7 -20.3 -9.3 21.3 
2682.0 -17.3 -10.6 20.0 
2682.3 -17.0 -10.7 20.0 
2683.0 -18.7 ~-11.7 18.8 
2683.3 -22.5 -9.0 21.1 
16/29-2 2638.0 -4.1 -11.1 23.6 
2638.0 -5.0 -12.5 18.0 
2642.6 -5.4 -12.5 18.1 
2643.5 2.7 -7.1 18.0 
2643.8 -2.3 -12.5 18.5 
2664.9 -1.1 -12.3 18.0 
2666.9 -3.2 -12.5 17.9 
2666.9 -2.9 -12.1 19.5 
2666.9 -3.2 -12.4 18.3 
2666.9 -2.7 -11.4 18.0 
vein 2682.8 -0.7 -13.1 17.5 
2683.5 -0.4 -12.6 18.2 
2683.5 -0.7 -12.5 18.0 
21/10-1 2155.7 -0.4 -6.3 24.4 
siderite 2156.8 2.3 -3.8 27.0 
siderite 2156.8 1.7 -3.9 26.9 
siderite 2156.8 1.8 -4.6 26.2 
siderite 2156.8 -0.5 -3.7 27.1 
2170.2 0.1 -8.6 22.1 
2242.4 -7.4 -11.4 19.2 
2242.4 -15.9 -11.0 19.6 
chalk 2242.7 -10.6 -10.6 20.0 
22/17-4 3106.8 -11.1 -11.0 19.2 
3107.4 -10.7 -11.2 19.4 
3107.7 -3.7 -10.8 19.8 
",,3108.0 
22120-3 2689.4 -4.3 -7.7 23.0 
2689.7 -4.7 -8.0 22.6 
23/16-4 2150.2 -2.9 -18.8 11.5 
2156.4 -0.1 -13.0 17.5 
2156.5 -0.3 -12.6 17.9 
2156.8 0.8 -12.9 17.63 
2162.3 -6.3 -9.6 21.1 
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~ .... 
[;) 
.g 
Table 2.6 Sr data C=centre of concretion, R=rim of concretion Q 
-IV Well depth (m) Rb(ppm) Sr(ppm) 8"Rb/86Sr 87Sr /86Sr 2cr ~Sr/86sr)45 5 1lCPOB 5180sMOW 
.... 14/13-3 830.5 0.02 1044.5 0.70763 2 0.70763 -5.59 23.41 ~ 
S 15/20-4 2012.6C 0.85 640.60 0.0038 0.70774 3 0.70774 -23.31 20.26 .g 
o· 15/20-4 2012.6R 0.97 868.50 0.0032 0.70789 4 0.70789 -29.03 19.70 
(') § 15126-3 1894.8 0.02 663.03 0.70790 4 0.70790 13.48 20.41 
'tS 15/26-4 2469.9 0.02 777.25 0.70771 5 0.70771 2.60 28.15 0 
f!J. 16/28-6 2681.5R 26.51 470.40 0.1634 0.70778 4 0.70768 -24.83 22.15 .... g. 
16/28-6 2682.OC 125.60 1063.0 0.3419 0.70772 4 0.70750 -20.32 20.0 ~ 
0 16/28-6 2682.3C 5.73 1183.0 0.0140 0.70774 4 0.70773 -16.99 19.99 ...., 
S. 16128-6 2683.2R 1.60 510.00 0.0091 0.70777 4 0.70776 -22.45 21.05 
-t:n 
0 16/29-2 2642.6 0.02 979.81 0.70773 4 0.70773 -5.24 18.02 
-~ 
e: 16/29-2 2666.9 0.02 712.72 0.70780 4 0.70780 , -2.89 18.46 
Il) 21/10-1 2242.7 0.01 423.48 0.70813 3 0.70813 -10.57 19.99 (!Q 9 22117-4 3107.4 11.440 1028.0 0.03216 0.70862 4 0.70860 -10.71 19.50 n. 
o· 22120-3 (') 2689.7 25.63 596.16 0.12442 0.70883 3 0.70875 -4.27 22.63 
~ 23/16-4 2156.7 23.11 841.10 0.07951 0.70798 4 0.70793 0.81 17.63 
.g 
23/16-4 2166.5 34.91 92.710 0.11190 0.70895 4 0.70888 -8.23 20.88 
= !a 23116-4 2310.4 22.300 313.78 0.20569 0.70977 3 0.70964 -0.43 20.29 0 
~ 
S· (87Sr /86Sr)45 ratios are modem day 87Sr /86Sr ratios corrected to 45Ma 
~ ;.: 
.-c:; 
0 § 
0 
§ 
~ g§-
~ 
2166.5 -8.2 -9.7 20.9 
2202.9 -5.1 -8.9 21.7 
2263.5 -3.7 -9.7 21.0 
2263.6 -4.0 -9.9 20.7 
2263.6 -3.1 -8.9 21.8 
2310.4 -0.4 -10.3 20.3 
2310.3 -1.3 -9.2 21.4 
2316.5 0.6 -12.4 18.2 
vein 2316.6 0.9 -12.4 18.1 
2369.4 1.8 -6.3 24.5 
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Table 6b 87Sr /86Sr ratios of detrital feldspar equivalent. 
Sample Rb Sr 87Rb/86Sr 87Sr/86Sr 87Sr/86Sr)4S 
Halliday et 
al. (1979) 
1282kf 149.50 348.5 1.2420 0.71362 0.71283 
1282pl 25.15 309.5 0.2351 0.70738 0.70723 
722kf 222.00 263.2 2.4470 0.73353 0.73197 
061kf 213.80 1238.0 0.4997 0.70800 0.70768 
DBL3kf 163.50 942.2 0.5021 0.70805 0.70773 
HH4kf 395.20 290.7 3.9410 0.72880 0.72628 
244kf 222.70 1109.0 0.5909 0.70863 0.70825 
056Gkf 250.80 416.1 1.7450 0.71587 0.71475 
8478kf 294.60 437.0 1.9520 0.71699 0.71574 
57173kf 450.10 226.1 5.7790 0.73985 0.73616 
Haughton et 
at. (1990) 
3134kf 340.50 146.7 6.7490 0.76008 0.75577 
3152kf 309.30 322.9 2.7800 0.73089 0.72911 
3158kf 169.00 431.2 1.1350 0.71750 0.71677 
3503kf 248.10 240.4 2.9940 0.73549 0.73358 
3309kf 251.90 440.8 1.6550 0.71584 0.71478 
3304pl 30.30 934.4 0.0937 0.70663 0.70657 
3304kf 239.80 314.5 2.2080 0.71837 0.71696 
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Indicate tltat pore-waters within Montrose Group 
submarine sandstones were influenced by a meteoric 
influx. During late Palaeocene a relative sea-level 
drop of 900m (Reynolds 1994) resulted in the 
progradation of a deltaic sYstem (Moray Group) over 
the Outer Moray Firth. Introduction of meteoric 
water is Inferred to have occurred during this period. 
Maps illustrate Sequence 3 and 8 (Andrew Formation 
and Moray Group equivalent) Stewart 1987. Meteoric 
flushing must have occurred before compaction of 
overlying Tertiary muds resulting in a regional seal. 
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CHAPTER 3 DISTRIBUTION OF CARBONATE CONCRETIONS RELATED 
TO FLUID FLOW 
3.1 Abstract 
Concretions within the Palaeocene Montrose Group fonn a characteristic feature of the 
normally thick-bedded and structureless sands. These are identified from composite 
logs by 'kicks' on the sonic log and aided by well reports. These sonic kick 
'concretions' fonn between 1.6 to 18.0% of core length. 70% oflogs indicate that 
these concretions fonn 3-7% of the Montrose Group thickness; 50% are between 3.5 
and 5.5% of Montrose Group thickness. Carbonate cements are present as 
concretions and rarely as disseminated grains. Therefore assuming an average minus-
cement porosity of 40%, 1.6% to 18.0% of core length equates to bulk rock volumes 
ranging between 0.6 to 7.2% carbonate within the core. The original bulk volume of 
detrital carbonate is unknown. Where concretions are not tightly cemented there is 
likely to be an overestimate of carbonate cement. 
Gross thicknesses of concretions for 101 composite logs have been compiled, and 
plotted in the fonn of a map. It is clear that concretions are more prevalent in areas 
along the flank of the Fladen Ground Spur, along the north flank of the Witch Ground 
Graben and the east flank of the south viking Graben and East Central Graben. 
Within the Witch Ground Graben isotopic and petrographic evidence indicates that 
carbon for concretions within this area may have come from the degradation of early 
migrating hydrocarbons within cool meteoric waters. This would indicate that the 
concretions marked out palaeo-leak points or palaeo-migration paths from the 
underlying Upper Jurassic source-rocks. 
Other concretions in the eastern flanks of the Central Graben are petrographically late 
and precipitated as a result of decarboxylation.· The radiogenic strontium and enriched 
manganese compositions are similar to that found within diagenetic calcites in chalk. 
The elements required for precipitation can be sourced internally within the Montrose 
Group. However the precipitation mechanism could have been influenced by of fluid 
'leak-off from the Jurassic through the underlying Cretaceous sequence influenced by 
salt-tectonics. This remains unresolved. The anomolous increase in concretions in 
these areas may be due to deposition of carbonate detritus from the eastern flanks from 
eroding Cretaceous sequence providing carbonate material for remobilisation. 
~.2 Introduction 
Carbonate cemented horizons are commonly found in oil field cores. Isotopic evidence 
(ol3C PDB) from the North Sea indicates that concretions precipitated as a result of 
organic mediated reactions during shallow burial (Giles et al1992; Stewart et al. 1993), 
and by inorganic thermal breakdown of organic material at depths> 1.5km burial (Irwin 
et al. 1977). Within the Brent Group Rannoch Fonnation, sandstones contain >5% 
carbonate cement, significantly more than other Formations, (Giles et al. 1992). In the 
Brent Group higher volumes of cement are associated with shallow marine sandstones 
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which are thought to have contained detrital carbonate (Bjorlykke et al, 1992; Harris 
1992). However 87Srl6Sr ratios of deltaic Ness Formation concretions indicate that 
cross-formational flow has occurred bringing calcium into the sandstones (Haszeldine 
et al. 1992). 
Within the Montrose Group sandstones, the precipitation of concretions is noted as the 
volumetrically most important diagenetic reaction (Cutts 1991; O'Connor & Walker 
1993). In this study, the percentage of concretions within sandstones has been 
calculated from composite logs, Figure 3.1, Table 3.1. The distribution of 101 wells' 
Concretions is not uniform but e~ced in certain areas. Isotopic compositions of 
concretions from core samples are combined with the geological history to explain the 
concretion distnoution. 
3.3 Geology 
The Montrose Group is a composite body composed of three lithostratigraphically 
similar units; the basal Maureen Formation (up to 100m thick; Stewart's 1987 Maureen 
Formation equivalent Sequence 2B), the dominant sand-rich Andrew Formation (up to 
450m thick; Stewart's (1987) Andrew Formation Equivalent Sequence 3) and the 
uppermost Forties Formation (up to 250m thick; Stewart (1987) Forties Formation 
equivalent sequence 7). Sandstones are buried to depths of hundreds of metres within 
the Moray Firth and up to three thousand metres within the Fisher Bank Basin in the 
Central North Sea, Figure 3.2. 
Underlying the Montrose Group are a sequence of Upper Cretaceous marls and chalks 
up to 1000m thick which thin over Mesozoic highs Figure 3.2. Underlying the 
Cretaceous are Upper Jurassic sandstones and the Kimmeridge Clay. Within the 
Central Graben, along the east edge of UK Quadrant 22, Zechstein salt domes puncture 
the overlying sediment and in some cases are brought adjacent to the Montrose Group 
sandstones (Foster & Rattey 1993). Overlying the Montrose Group in the Outer 
Moray Firth is the Upper Palaeocene Moray Group, a deltaic complex which prograded 
eastwards in response to relative sea-level fall. The Moray Group is composed of a 
thick sandy proximal complex which rapidly declines in thickness and sand:mud ratios 
away from palaeo shores in the Moray Firth area. 
The sandstones were deposited by high-density turbidity flows (Stewart 1987; Knox et 
aI. 1993). Petrographic descriptions of core samples from the Montrose Group indicate 
that these sandstones predominantly consist of massively-bedded sandstones with 
sparse de-watering structures; the depositional facies being similar on a regional scale 
(Thomas et al. 1974; Stewart 1987; Crawford et al1991; Cutts 1991; Tonkin & Fraser 
1991; Den Hartog Jager et al. 1993; Jones & Milton 1994). Sandstones are 
predomirulntly sub-arkosic to sub-litharenites (Crawford et al. 1991; Cutts et at. 1991). 
Concretions are present within virtually all cores. Concretions are normally on the 
scale of tens of centimetres but can be up to two metres in diameter (Tonkin & Fraser 
1991). The large diameter of concretions make it in impossible to determine whether 
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concretions are laterally extensive or spherical. However concretions have been noted 
as to act locally as penneability baftles within the Balmoral Field 16/21 (Tonkin & 
Fraser 1991). Within this study smaller concretions are oblate spheroids. 
The stacked channel sandstones of the Andrew Fonnation have a high connectivity, 
Particularly within the Witch Ground Graben, which would not hinder any pore-fluid 
movement. During deposition of the Forties Fonnation the supply of clastic sediment 
waned and sand:mud ratios declined. The fonnation of levee bank during deposition of 
Andrew Fonnation sands was hindered due to very high sand:mud ratios. It is thought 
that the Andrew Fonnation is derived from shallow buried sandstones on the East 
Shetland Platfonn (Den Hartog Jager et al. 1993). There was not sufficient mud to 
constrain the meandering channels and channels sands end up in multiple stacked 
systems. The deposition of Forties Fonnation was centred south of the Halibut Horst 
and in the East Central Graben. Stable levee banks evolved. Levee systems were 
previously unstable during deposition of sediments with high sand:mud ratio. Sand-rich 
channel systems became enclosed in mud levee banks. These sand channels are of the 
scale of several to tens oflan across (Den Hartog Jager et al. 1993). Connectivity 
within these areas is reduced. Burial of the sediments has been constant with 
Particularly rapid burial within the Witch Ground Graben during the early Eocene 
(Barnard & Bastow 1992). 
3.4 Methodology 
Composite logs record physical properties of rocks in-situ; these include transit times, 
gamma-ray radioactivity and density. The main litho-facies within the Montrose 
Group is a massively-bedded sandstone with sparse de-watering structures. 
Amalgamated units of these sandstones can be tens of metres thick. The log traces of 
this facies are therefore consistently stable. Concretions are identified by a combination 
of kicks on the sonic and resistivity logs Figure 3.3. 
To gauge what was recognisable on the composite logs, cored concretions of known 
thickness were compared with the composite logs available from those particular wells. 
For well 15/20-4 concretions of diameter as small as 25cm seen in core were identified 
on the composite log. 
For individual wells, gross concretion thickness was recorded. The thickness of 
individual concretions was measured from the composite logs at the halfpeak-height 
width. This was measured manually with a ruler. Measurements were then converted 
to metres. Peaks within electric logs record the changes in physical parametres in 
. rocks. Kicks or changes in steady traces can be due to a variety of changes in the 
lithologies. Carbonate concretions are relatively simple to identifY within massive-
bedded arid relatively homogeneous sandstones which make up the bulk of the 
Montrose Group Figure 3.3. Therefore, although the wells were drilled to seek 
prospects beneath the Tertiary sediments, because of the widespread high sand:mud 
ratios and the similarity in depositional facies, most drilling encountered Montrose 
Group sediments which provide stable electric log traces within sandstone beds. Marls 
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and chalk-rich beds identified on the logs or mentioned in the well reports were not 
recorded. Only kicks within sandstone units were recorded. 
However away from depositional axes and in the areas distal to provenance area, both 
sand:mud ratios can dramatically rise and bed thickness can drop. 'Ratty' log traces are 
difficult to measure as the confusing jaggedy trace may relate to sedimentological 
differences other than concretions Figure 3.4. When such wells were encountered, 
mud-loggers reports, sedimentological reports and notes on the composite log were 
used to identifY whether the sandstones were 'calciferous', 'calcareous', 'carbonate-
cemented', or 'hard-cemented', all terms used to describe carbonate cemented 
horizons. There are likely to be large errors associated with well measurements taken 
from such composite logs. However although as the measurements are only semi-
quantitative the increase in proportion of carbonate cement is likely to be a real 
phenomenom. 
To minimise manual recording errors, the composite logs were sampled in a random 
selection. Some composite logs were deliberately analysed twice to estimate human 
errors in estimating 'kick' lengths. This is the largest error within the test. Errors can 
be up to 30%, most were 10-20%. Larger recording errors were encountered within 
ratty logs, while recording errors within thick sequences of massive sands were .<10%. 
Material used was collected at BP's Technical Data Centre, BP Expro, Glasgow and 
Dyce, courtesy of Dr Roger Anderton. 
~5 Results and discussion 
The concretions percentage map for Quadrant 14, 15, 16,21,22 and 23 is shown in 
Figure 3.5 
Proportions of concretions vary between 1.6 and 18.0% of core length. If the 
assumption is made that minus-cement porosities average 40% then this represents 
0.6% to 7.4% rock volumes. A single vaue for minus-cement porosities was chosen as 
insufficient point count data is available from the Montrose Group from across the 
Central North Sea. Actual minus cement porosities vary from between 30-67% 
(Chapter 2, Table 2.4), the bulk of values between 35-45%. Therefore a potential error 
exists of -10% in predicted carbonate volumes. Concretions in wells in the East 
Central Graben have lower minus cement porosities than Witch Ground Graben wells 
indicating precipitation at greater depths. The actual range of concretion volume is 
quite small, 70% of the wells have concretions of between 3-7% of core length and 
_50% are between 3.5 and 5.5% of core length Table 3.2. This range of concretion 
percentage is remarkable similar over most of the Central North Sea. 
The amount of detrital carbonate is unknown within sandstones as detrital carbonate is 
rarely seen outwith cemented horizons. This is a key measurement which could 
explain the volume and distribution of the carbonate concretions. Unaltered detrital 
carbonate is rarely found within the Montrose Group, above Danian marly and 
Chapter 3 Distribution of carbonate concretions 3.S 
carbonate-rich horizons at the base of the Montrose Group. It is known that erosion of 
chalks situated at the west Central North Sea basin margins during deposition of the 
Montrose Group contributed to the sediments at the base of the Maureen Formation 
(Stewart 1987). Most Maureen Formation sediments have a marly/chalky rich base of 
Danian age. Isotopic chemistry goes someway to determining the origin of 
concretions. Isotopic analysis indicates that precipitation of concretion have been 
influenced by the presence of organic/inorganic reaction taking place during burial. 
There are distinct areas where concretion percentage increases to volumes above this 
background level. These are generally along the north flank of the Witch Ground 
Graben, along the axes of the Witch Ground Graben and East Central Graben, and at 
points deeper into the graben system. 
3.5.1 Witch Ground Graben concretions 
Montrose Group is dominated by the Andrew Formation in this area. Composite logs 
and cores examined indicate that the sequence is dominated by massively bedded thick 
bedded sandstone layers. 'Kick' lengths are real and represent enhanced concretion 
precipitation. 
Concretions from wells 15/20-4 and 16/28-6, within the Witch Ground Graben and 
Fisher Bank Basin, have been isotopically analysed, see Chapter 2. They have a13c 
PDB compositions similar to that of carbonates which have precipitated as a result of 
degradation of hydrocarbons (Dimitrakopolous and Muehlenbachs 1987; O'Brien and 
Woods 1994). Tar stains were seen within concretions from wells 16/28-6 and 15/20-
4. Oxygen isotopic compositions of the concretions indicate that because the 
concretions are texturally early, then concretions precipitated within meteoric 
influenced waters with negative 8180 SMOW compositions. 
The predominance of diagenetic carbonate in this area may therefore be due to the 
mixing of migrating hydrocarbons with meteoric water, Figure 3.6. Meteoric water is 
only likely to have flowed through the Montrose Group during the late Palaeocene 
during a period of extreme sea-level fall. This was likely to have taken place 
concurrently during the deposition of Montrose Group and during the progradation of 
the Moray Group when a 800m relative sea level fall occurred (Jones & Milton 1994). 
This has implications for oil migration into the Palaeocene. The Witch Ground Graben 
underwent particularly rapid burial during the Palaeocene accommodating up to 600m 
of clastic sediments. Maturation of Kimmeridge Clays began during the Maastrichtian 
(Barnard & Bastow 1992), and migration of this oil began during the Lower Eocene. If 
the diagenetic carbonate marked out palaeo-migration paths in this area, then, timing of 
migration can be given a minimum date. Other authors put migration timing to 
Oligocene (Mason et a1. 1995). Later early Miocene.sea-Ievel fall is thought to have 
introduced meteoric water into these sandbodies in the outer Witch Ground Graben. 
The degradation of migrating hydrocarbons within Eocene reservoirs in the Witch 
Ground Graben has been indicated to have occurred within this period as reservoir 
conditions were right for organic biodegradation. These authors also suggest that 
Chapter 3 Distribution of carbonate concretions 3.6 
Palaocene reservoirs in this area have also been affected but not so substantially as -
reservoir temperatures were higher, however field temperatures within these Montrose 
Groups reservoirs would have been low enough to sustain degredation (Mason et al. 
1995) and there remains the possiblity of concretion formation during this period. 
Watson et al. (1995) found concretions of isotopic composition (S13C=-25 to -
5%oPDB) within the Montrose Group hosted Balmoral Field,Block 16/21. These 
authors suggest that oxygenated meteoric water flowing into the sands shortly after 
burial oxidised organic matter (S13C=-25%oPDB) within the sediments. Oil stains 
within concretions were not seen within cores in this study and the possibility of oil 
migration concurrent with meteoric influx was rejected. 
3.5.2 Concretions in the eastern flanks of the East Central Graben and South 
Viking Graben 
Montrose Group sediments in this area are thin-bedded and can form ratty composite 
log traces. These areas are on the fringe of Montrose Group depositional area. The 
percentage values of carbonate concretions within this area are probably relative rather 
than absolute. 
The late concretions within East Central Graben sandstones have carbon isotopic 
values which indicate that they formed during decarboxylation reactions (Chapter 2). 
Compositions of these concretions also indicate that they are Mn-calcites. Mn 
enrichment has been noted to occur during diagenesis within the underlying chalk 
sequence (Taylor & Lapre 1987). These cements are related to reactions occurring 
within the chalks during movement of pore-fluids from the underlying Jurassic. 
Strontium ratios from late concretions in the Montrose Group (Chapter 2) are also 
slightly more radiogenic than depositional calcite. This indicates that radiogenic B7Sr 
had entered the porewaters during precipitation. Such an increase in B7Sr could result 
from dissolution of silicate minerals (Emery & Robinson 1993). Calcite cements within 
the underlying chalks are also noted to be slightly more radiogenic than matrix chalk 
and becoming more radiogenic in B7Sr with depth (Taylor & Lapre 1987; Smalley et al. 
1992) Figure 2.15. This was related by Smalley et al. (1992) to have resulted from 
waters from underlying Jurassic sediments (and Zechstein salt) moving upwards into 
the Cretaceous Figure 3.7. Though there is a possibility of organic acids from the 
underlying Jurassic remobilising detrital carbonate, the late diagenetic nature of the 
carbonates would suggest that remobilisation of the detrital carbonate was influenced 
by decarboxylation reactions taking place at higher burial temperatures. The 
enrichment of diagenetic carbonates in depositionally distal areas appears to be related 
to areas where salt tectonics are important in Blocks 22/9, 23/11. Figure 3.7. 
" 
Anomolous rise in concretion thickness may be due partly to depositional reasons. The 
geographicaJ.locations of the rise of concretion is against the eastern flanks of the 
graben system in the Central North Sea. These flanks although not subarially exposed 
during the Palaeogene may have contributed carbonate detritus during deposition of the 
Montrose Group, gradually decreasing during the late Palaeocene as scarp slopes were 
filled (O'Connor and Walker 1993). Thus in the Montrose Group within this area there 
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may have been a greater contribution of detrital carbonate than within graben axes 
where clastic sediment from the west of Scotland was the sole sediment source. This 
detrital carbonate appears to have been mobilised during decarboxylation and 
reprecipitated as concretionary cements. The mixing between decarboxylation carbon 
and detrital carbonate can be seen in isotopic profiles of concretions in single wells 
although detrital carbonate can no longer be seen petrographically (Chapter 2). 
3.6 Conclusions 
1) Concretions mapped out by composite log analysis indicates that concretions 
comprise between 1.6 to 18.0% of sandstone length. The majority of wells have 3-7% 
of composite log length. 
2) If 40% original porosity is chosen then this relates to 0.6-7.4% carbonate within the 
Montrose Group. 70% are between 3-7% which is 1.2 to 2.8% carbonate. 
2) Mapping out of concretions has identified areas which have high concentrations of 
carbonate concretions. These are along axis and north flank of the Witch Ground 
Graben, along the axis of the East Central Graben and flank of the Jaeren High. 
3) Combining the map with isotopic compositions of concretions indicates that· 
concretions precipitated i) during early subsidence when early migrating oil mixed with 
meteoric water. The meteoric water entered the Montrose Group during a period of 
relative sea-level fall. ii) detrital carbonate content was greater within areas adjacent to 
Cretaceous scarps on the east side of the graben system in the Central North Sea which 
was remobilised during decarboxylation reactions. 
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Figure captions 
Figure 3.1 Location map of the Central North Sea showing base Cretaceous structural 
elements. Wells sampled in the study are illustrated. 
Figure 3.2 Cartoon cross-section across the Central North Sea 
Figure 3.3 Composite log of22/8-3. A type example of distinct concretions within 
monotonous Montrose Group sandstones. In wells similar to this concretion 
thicknesses are simple to measure. Concretion thickness is measured at half peak height 
width of sonic kick. 
Figure 3.4 Composite log of22/10-5. This well illustrates nature of Montrose Group 
lateral to depositional axes. Measuring concretions within wells like this requires 
mudloggers and geological reports to aid identification of cemented horizons. 
Figure 3.5 Map of concretion percentage for Montrose Group sandstones. For the bulk 
of sandstones concretions generally make from 3-7% of thickness of Montrose Group. 
There are areas which have anomalously high amounts of concretions. These are i) axis 
of Witch Ground Graben, north flank of Witch Ground Graben and around the 
southern tip of the Fladen Ground Spur, ii) along the axis of the East Central Graben, 
iii) around the east side ofOuadrant 22, and iv) within blocks 16/28and 16/29. 
" .. \~ .. ~ ~ ... _\:..c. ... ~ ... 1..~~. sl... ... o...:ct.. 
Figure 3.6 Cartoon illustrating possible scenario within the Witch Ground Graben 
during the late Palaeocene. Meteoric water entering from the Outer Moray Firth mixed 
with early migrating hydrocarbons. The hydrocarbons were biodegraded and 
concretions were precipated within this area. 
. Figure 3.7 Seismic section illustrating the effect of salt-diapirsm on overlying sediments 
(platt & Phillip 1993). Late concretions have strontium ratios which indicate 
introdutiort of Sr into the sandstones. Diagenetic calcites from the underlying 
Cretaceous chalks, also have radiogenic component introduced into the sands which 
increases downwards (Smalley et alI992). The anomalous amounts of concretions 
may be related to vertical fluid transfer from overpressured underlying turassic 
sediments during fluid leak-off. 
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Table 31 
Well Carbonate % 'Concretion' 
assuming 40% minus- thickness 
cement porosity 
14/14-2 1.38 3.45 
14/14-3 2.00 5.00 
14/15-1 1.93 4.83 
14/17-1 1.66 4.15 
14/18-7 1.88 4.70 
14/19-17 2.74 6.85 
14/19-18 1.43 3.58 
14/20-8 0.61 1.62 
14/24-2 2.69 6.73 
1516-1 0.88 2.20 
1517-1 1.55 3.88 
15/8-1 1.45 3.63 
15/11-2 2.22 5.55 
15/11-3 2.16 5.40 
15/134 1.73 4.35 
15/14-3 1.64 4.10 
15/15-1 5.63 14.10 
15/17-3 1.94 4.85 
15/17-8 2.18 5.45 
15/18-2 2.86 7.15 
15/20-1 7.21 18.03 
15/20-3 4.78 11.95 
15/21-15 1.76 4.40 
15/22-6 1.54 3.85 
15/23-2 2.26 5.15 
15/23-3 2.00 5.00 
15/23-6 1.89 4.73 
15/24-1 2.58 6.45 
15/24-2 1.98 4.95 
15/27-1 1.46 3.65 
15/28-2 4.80 12.00 
15/29-4 1.58 3.95 
15/30-6 2.10 5.25 
16/6-1 1.79 4.48 
16/11-1 2.32 5.80 
16/114 1.39 3.48 
16/124 1.26 3.15 
16/12-9 2.49 6.23 
16/12-10 2.34 5.85 
16/13-2 1.97 4.93 
16/13-3 2.15 5.38 
16/16-2 1.05 2.63 
16/17-5 1.56 3.9 
16/17-7 1.54 3.85 
16/17-12 2.09 5.23 
16/18-1 4.38 10.95 
16/18-2 1.79 4.48 
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16/21-5 5.16 12.90 
16/22-3 2.44 6.10 
16/22-5 2.42 6.05 
16/23-3 3.37 8.43 
16/23-4 3.67 9.18 
16/26-19 1.91 4.78 
16/27-2 2.00 5.00 
16/27-3 1.57 3.93 
16/28-3 2.73 6.83 
16/28-6 3.31 8.28 
16/28-7 3.11 7.78 
16/28-8 4.57 11.43 
21/1-14 2.51 6.28 
21/1-16 1.91 4.78 
21/2-7 0.84 2.10 
21/2-8 1.29 3.23 
21/3-3 1.66 4.15 
21/4-4 1.97 4.93 
21/9-10 2.15 5.38 
21/10-7 1.24 3.10 
21/15-2 2.12 5.30 
21/18-2 4.37 10.93 
22/1-7 1.40 3.50 
22/2-1 1.62 4.05 
22/2-2 2.45 6.13 
22/2-3 2.89 7.23 
22/3-1 1.57 3.93 
22/4-1 1.03 2.58 
22/4-3 1.53 3.83 
22/6-13 1.38 3.45 
2217/-1 2.73 6.83 
2217-2 2.76 6.90 
22/8-2 2.22 5.55 
22/8-3 2.32 5.80 
22/9-3 5.99 14.98 
22/9-4 1.87 4.68 
22/10-5 6.56 16.40 
22/11-9 2.15 5.38 
22/12-3 2.00 5.00 
22/12-4 1.78 4.45 
22/13-4 3.77 9.43 
22/14 4.26 10.65 
22/15-2 2.53 6.33 
22/16/2 1.16 2.90 
22/18-3 0.98 2.45 
22/18-4 1.54 3.85 
22/19-1 2.46 6.15 
22/20-1 3.08 7.70 
22/20-3 3.75 9.35 
22/21-3 2.61 6.53 
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22/22-1 3.63 9.08 
22/26-2 2.88 7.20 
22/30-1 1.72 4.30 
23/11-2 3.91 9.78 
Table 3 2 
Concretion No. of 
leJ!gth wells 
0.5 0 
1.0 0 
1.5 0 
2.0 1 
2.5 3 
3.0 3 
3.5 6 
4.0 13 
4.5 10 
5.0 10 
5.5 13 
6.0 5 
6.5 8 
7.0 6 
7.5 3 
8.0 2 
8.5 2 
9.0 0 
9.5 4 
10.0 1 
10.5 0 
11.0 3 
1l.5 1 
12.0 1 
12.5 1 
13.0 1 
13.5 0 
14.0 0 
14.5 1 
15.0 1 
15.5 0 
16.0 0 
16.5 1 
17.0 0 
17.5 0 
18.0 0 
18.5 1 
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ISOTOPIC DATA FROM PALAEOCENE SANDS. NORTH SEA. UK. 
4.1 Abstract 
Stable isotopic and petrographic data are used to interpret conditions for the 
formation of authigenic kaolinite within Palaeocene sands, Central North Sea. Ten 
wells within the Central North Sea were sampled. Texturally early calcite concretions 
have isotopic compositions (0180 = 18.0 to 22.8o/ooSMOW) which indicate that they 
were precipitated in predominantly meteoric waters. The isotopic composition of later 
kaolinite (av. 0180 =13.8 to 16.7%oSMOWand oD = -53.0 to -76.8o/ooSMOW) indicates 
that kaolinite precipitated at around 35 to 80°C, from a mixed meteoric-marine pore 
water (0180 = -6.5 to -4%oSMOW). These modelled precipitation temperatures are 
consistent with the paragenetic sequence and consequently post-precipitation 
hydrogen isotope exchange between kaolinite and the pore-waters is presumed not to 
have occurred. We infer that the original depositional marine pore-waters were 
flushed out by a head of meteoric water from the East Shetland Platform during 
deposition of Palaeocene Montrose Group sandstones and progradation of the 
Palaeocene/early Eocene Moray Group deltaic system. The Palaeocene aquifer 
became closed to meteoric influx after marine transgression during the Eocene. The 
remaining meteoric pore-waters in the sandstones became mixed with water from' 
compacting marine muds surrounding the hydrostatically pressured sandstones . 
.4..2 Introduction 
The Palaeocene reservoir sands of the Central North Sea contain almost one halfof 
the recoverable oil reserves within this region, (476xl06m3, 2.99Bbbbl: Brennand et 
al. 1990) estimated to be approximately 956xl06ml, 6.01Bbbl (Brennand et al. 1990). 
The larger fields such as Forties, (Block 21110), and Maureen, (Block 16/29), have 
been in production since the 1970s (Abbotts 1991). Surprisingly little has been 
published concerning the diagenesis of these sands (Pagan 1980; Tonkin & Fraser '. 
1991; Watson 1993a). The diagenesis of Lower Palaeocene volcanic-rich shale layers 
within the Central North Sea have been studied by Huggett (1992) and Pearson 
(1990). Authigenic kaolinites from Montrose Group sandstones are described and 
isotopic data has been measured from authigenic kaolinite separates. This is 
integrated with petrographic data to interpret pore-fluid evolution in the Palaoecene 
sandstones 
The Palaeocene Montrose Group, (Deegan & Scull 1977), is a sequence of submarine 
fan systems which form extensive sand-rich basin-floor aprons (Stewart 1987). The 
sands are similar to braided channel deposits laid down in mid-fan suprafan lobes as 
described by Walker (1978). The three formations, Maureen, Andrew and Forties, 
are similar lithostratigraphic stacked composite sandbodies. The dominant Andrew 
Formation is the uppermost sandstone unit within the Witch Ground Graben overlain 
by a thin sequence of Forties Formation mudstones and siltstones. The Andrew 
Formation is made up of amalgamated submarine channels of high connectivity (Den 
Hartog Jager et al. 1993). This makes it an ideal aquifer to transport fluids. It was 
selected in this study in the expectation that the hydrology of this formation would be 
influenced by open connection to the proximal areas in the Outer Moray Firth. After 
deposition of the Montrose Group, the Moray Group delta system prograded over the 
Montrose Group within the Outer Moray Firth (Rochow 1981). Provenance and 
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palaeogeographical studies indicate that the sources for detrital grains were 
Palaeozoic or Mesozoic sediments from the southern part of the East Shetland 
Platform (Morton et al. 1993), and possibly eroded Dalradian schists from the 
Scottish Highlands (Morton 1987), both areas experienced uplift during the early 
Tertiary. Sediments were transported eastwards to be deposited in the subsiding 
Central North Sea along basins overlying pre-existing Mesozoic grabens (Knox et al. 
1981). An intermittent supply of volcanic debris (clasts and wind-blown ashes) was 
carried over the Scottish Highland watershed from the West of Scotland igneous 
centres (Jacque & Thouvenin 1975). 
After deposition the sediments experienced a relatively simple sag pattern of 
subsidence, with particularly rapid burial during the Palaeocene-Eocene (Barnard & 
Bastow 1992). Interpretation of seismic reflection data suggests that no major faults 
cut the Palaeocene sequence (Milton et al. 1990). Thus the original depositional 
aquifer connections are intact without tectonically induced fluid barriers or conduits. 
~3 Methodology 
Core samples from the Montrose Group, were taken from ten wells located in the 
Central North Sea Table 4.1, Figure 4.1. 
Samples have been examined by standard petrographic techniques including point 
count analyses (500 points) of resin-impregnated thin-sections to quantify detrital 
mineralogy, authigenic cements and porosity. In addition point count data from wells 
16/28-4, 16/28-5, 21110-FB55, 22,12-5 and 22/12-7 fromBP reports were available. 
Rock stubs were examined using a scanning electron microscope (SEM) to determine 
the morphology, composition and distribution of the authigenic minerals. Kaolinite 
separates were extracted from wells 14113-3, 15/20-4, 16/28-6, 16/29-2,22117-4, 
22/20-3 and 23/16-4. Kaolinite extraction follows the method of Jackson (1979); 
disaggregation of the rock, separation of the clay fraction, oxidation of organic 
material, deflocculation of the clays and separation into size fractions by settling and 
centrifugation. Size fractions refer to theoretical settling times of perfect spheres 
through pure water at 20°C so the O.1J..Lm size fraction does not necessarily refer to 
clay grains 0.1 Jlffi across. The 0.1 J..Lm to 10J..Lm size fractions were selected for isotope 
analyses on the basis of a high kaolinite percentage estimated from SEM analysis and 
X-ray Diffraction (XRD) analyses. XRD traces of kaolinite standards were used to 
test for the presence of dickite. XRD traces indicated that most samples had less than 
5% silicate contaminant. As proportions of the silicate impurities are unreliable, at 
<10% volume total from XRD analysis and no isotopic information is known about 
these fractions, no corrections were made. Oxygen isotopic analysis follows the 
method of Clayton and Mayeda (1963), and hydrogen analysis follows the method of 
Biegelman et al. (1952). All isotopic data are presented in per mil values with respect 
to Standard Mean Ocean Water (SMOW). The analytical error of laboratory standard 
8D and 8180 values was +5%0 and +0.3%0 respectively . 
.4:.4 Petrography 
Sandstone units are dominated by a thick-bedded structureless facies. The sandstones 
are generally fine-medium grained, poor-moderately sorted, uncompacted and sub-
arkosic to sub-lithic in composition. In all wells mono crystalline quartz is the most 
abundant detrital grain type. Lithic fragments include: granitic clasts, polycrystalline 
qUartz grains, and altered igneous clasts and volcanic glass with opaque mineral rims. 
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Feldspars show some degree of dissolution, the amount of secondary porosity is not 
significant being generally less than 4% of rock volume, Figure 4.2. Secondary 
porosity was identified from intergranular porosity within feldspars. Textural 
relationship of dissolution with respect to paragenetic sequence is unclear. Texturally 
early diagenetic smectite is seen within the intergranular voids as is diagenetically late 
calcite and texturally blocky kaolinite. There is also the possibility that detrital 
feldspars may have been deposited with secondary porosity. Secondary porosity is 
consistently slightly higher within wells 15/26-3, 15/26-421110-1 and 22115-2 being 
around 3 to 3.5% rock volume. Detrital illite-smectite clays coating grains are now 
Partly recrystallised to a box-framework morphology. A characteristic of the thick-
bedded and interconnected sand bodies is their regionally high porosities and 
permeabilities, see Chapter 5. 
4.4.1 Diagenesis 
A general paragenetic sequence is shown in Figure 4.3. The volumetrically dominant 
authigenic phases are quartz overgrowths and kaolinite and locally, calcite concretion 
'doggers' (less than 2m thick), and strata-bound grain-coating chlorite. The 
paragenetic sequence can be divided into three stages 
1. Early burial diagenesis; precipitation of disseminated dolomite, pyrite, chlorite, K-
feldspar overgrowths, and micro quartz precipitation. . 
2. Moderate burial diagenesis; petrographically early calcite 'doggers' with high minus-
cement porosity (36.8-50.1 %) within wells 14/13-3, 15/20-4, 15/26-3, 15/26-4 and 
16/28-6 indicate that concretion growth began within a few hundred metres of burial 
(Sc1ater & Christie 1980; Stewart et al. 1993). Traces of etched vermiform kaolinite 
exist within these concretions but volumetrically more kaolinite is found within the 
sands. Vermiform kaolinite (Figures 4.4, 4.5, 4.6), growth therefore had begun by 
commencement of concretion precipitation and continued after calcite precipitation 
stopped. Kaolinite has a more developed blocky crystal shape within deeper-distal 
wells (Figure 4.7, 4.8). The proportions of vermiform to blocky kaolinite is not 
known within wells . 
3. Late burial diagenesis consisted of continued quartz overgrowths and late 
carbonate concretions within wells 16/29-2, 21110-1, 22/17-4, 22/20-3 and 23/16-4. 
Both blocky and vermiform kaolinite are seen intergrown and overgrown by thin and 
irregular quartz overgrowths (Figure 4.8). Quartz overgrowths engulfing kaolinite 
can be seen within shallower wells, though it is more apparent in the deeper wells. It 
is ~ot known what proportion, ifany, of the quartz overgrowths are inherited from 
the source area. Pitted quartz overgrowths indicative of sediment transport are seen 
Which have no textural relationship to Lower Palaeocene authigenic phases. Within 
deep buried wells 16/28-6, 21110-1, 22117-4, 22/20-3 and 23/16-4, hairy illite 
precipitated upon the edges offrayed vermiform kaolinites, Figure 4.9. 
Authigenic kaolinite is a ubiquitous but minor (generally less than 4%) mineral phase 
throughout cored sections, Figure 4.10. It forms ragged verms made up of pseudo-
hexagonal plates (5-20 J.lm) which fill primary pores (Figures 4.4 & 4.5), or coarser 
flakes (50-100J.lm) between expanded detrital mica flakes (Figure 4.6). Within the 
deeper study wells, later kaolinite precipitation exhibits a blocky nature (Figure 4.7). 
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On the basis ofXRD analysis there is no evidence for the formation of dickite with 
depth. 
Two sampled wells (15/26-3 and 15/26-4) contain anomalously high percentages of 
kaolinite (up to 12% rock volume). Here kaolinite habit is predominantly ragged and 
vermiform. Verms are large, up to 100Jlm, and :fill primary pore-spaces. 
4.4.2 Mass balance 
Using the equation from Osborne (1994), which can be written as 
2V Feldspar = V Kaolinite + 4V Quartz, 
2KA1Si308 + 2Ir(aq) + H20 =2K+ + AI2Si205(0H)4 + 4Si02 
2NaA1Si308 + 2W(aq) + H2O =2Na+ + Al2Si205(OH)4 + 4Si02 
2 x 104.7 = 99.5 + 4 x 22.7 
209.4 = 99.5 + 90.8 
from Osborne (1994) where V Feldspar, V Kaolinite, and V Quartz represent molar 
volumes offeldspar, kaolinite and quartz respectively, it is possible to determine 
Whether the amount of kaolinite present within the sandstone can be generated by the 
amount offeldspar assumed to have dissolved out during burial. From SEM analysis 
of core stubs microporosity between kaolinite flakes from visual estimates will be 10's 
of percent. Nadeau & Hurst (1991) assume a 40% microporosity between kaolinite 
flakes. Point count estimates of kaolinite is also likely to be exaggerated due to the 
fine grained nature of the kaolinite. Point counts of secondary porosity are likely to 
be underestimated as oversized pores are likely to be crushed during mechanical 
compaction (Wilkinson et a1. In prep). Average point count percentages for both 
secondary porosity and kaolinite is sligthly less than 2%. Consequently from the 
dissolution of feldspar, 0.9% kaolinite and 0.8% quartz overgrowth are expected to 
precipitate. Assuming a 40 % microporosity between kaolinite flakes (Nadeau & 
Hurst 1991) means that point-counted kaolinites should be -1.2% rock volume. 
Actual point-counts from Palaeocene wells indicate an average of2% kaolinite. 
These low values are well within point-counting errors and it is assumed that silica 
and aluminium are preserved within a thin-section scale. For wells 15/26-3 and 
15/26-4 it is clear that values up to 12% kaolinite cannot be precipitated from the 
small volumes of secondary porosity point-counted within the sands. Point counts of 
secondary porosity are likely to be underestimated as oversized pores are likely to be 
crushed during mechanical compaction (Wilkinson et al. in prep). 
Se'condary porosity and kaolinite 
It is currently accepted that authigenic kaolinite within sandstones precipitates during 
the dissolution of feldspars (Giles 1987; Macaulay et al. 1993). It would be expected 
that low secondary porosities are matched with low percentages of kaolinite. 
However a straightforward relationship between kaolinite and secondary porosity has 
rarely been shown petrographically. There are problems associated with showing a 
relationship; 
1) The volume of secondary porosity within the sand grains during deposition is 
unknown. The Palaeocene sandstones are known to have been partly derived from 
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shallow buried Mesozoic sandstones on the East Shetland Platfonn and may have 
been deposited with initial secondary porosity. 
2) Grains with extensive secondary porosity are crushed during burial. 
3) The true volume of kaolinite is notoriously unreliable. Point-counted volumes of 
kaolinite are likely to overestimate the true volume of kaolinite present (Nadeau & 
Hurst 1991). Using an SEM, kaolinite clearly has microporosity between flakes 
which is not visible for the point-counter using standard petrographic microscopes. 
4) Ions in porewater may be transported as a result of fluid-flow within the sandstones 
precipitating at a distance from initial feldspar dissolution. This movement of ions 
clearly takes place on a thin-section scale as kaolinite preferentially precipitates within 
intergranular porespaces and not in direct contact with secondary porosity 
For Montrose Group sandstones as volumes of secondary porosity and kaolinite are 
low, no clear trends can be seen. Most values cluster around the origin, Figure 4.11, 
4.12. 
Assuming that no secondary porosity existed during deposition of the sands and 50% 
porosity between kaolinite plate indicates that overall more kaolinite exists that can be 
accounted for by secondary porosity in wells 15/26-3 and 15/26-4 (and possibly 
23/16/-4 though point counted volumes are generally low). This discrepancy within 
these wells may relate to either the input of aluminium into the sands from an 
unknown source or the complete dissolution or crushing of skeletal feldspar grains 
reducing the amount of recognisable secondary porosity. 
4.5 Isotopic data 
4.5.1 Stable isotope principles 
Assuming; 1) precipitation at a given temperature, 2) conditions of isotopic 
equilibrium, and 3) no post-precipitation isotope exchange has occurred, then the 
stable isotope composition of a mineral phase (om) can be related to the isotopic 
composition of the fluid (ow), and the temperature of precipitation (TOK) by an 
equation of the fonn: 
8m - ow = arr2 + b 
where a and b are numerical constants (see e.g. Savin & Lee, 1988). For 0180, a=2.5 
and b=-2.87; Land & Dutton (1978). For 8D, a=-4.53 and b=19.4; Lambert & Epstein 
(1980). 
For any measured value of 0 m, we can construct a plot of ow versus temperature 
which shows the locus of permissible values ofo w, T, Figure 4.13. For clay 
minerals, 81,80 and oD calibration curves of this type have been recently reviewed by 
Savin & Lee (1988). 
The assumption must be made that the mineral has not undergone isotopic exchange 
after precipitation. Experimental work by O'Neil & Kharaka (1976) found that 
oxygen isotopic exchange for kaolinite is insignificant below 350°C. However, 
hydrogen isotope exchange from kaolinite with present day pore waters has been 
recorded by Bird & Chivas (1988), and Longstaffe & Ayalon (1990) at temperatures 
<80°C, and <40°C respectively. Hence oxygen isotopic ratios are indicative of the 
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temperature and porewater conditions of precipitation while hydrogen ratios may not 
be reliable. 
4.5.2 Oxygen and hydrogen isotopes; results and discussion. 
Isotopic analyses of kaolinites gave a range of 0180= 8.9 to 23.1 %oSMOW and 0 0= -
53.0 to -76.8%oSMOW (Table 4.2, Figures 4.14 and 4.15). 
The range ofo180 composition is broad within each well Figure 4.14,4.16. Overall 
the 5th percentile is 11%0, 25th percentile is 13.2%0, 75th percentile is 16.8%0 and the 
95th percentile is 20.19'00. The median value is 15.2%0. Figure 4.17 
Assuming kaolinite precipitation from Palaeocene marine depositional pore-water 
(0180 = -0.9%oSMOW, 00 = -7%oSMOW; Shackleton and Kennet, 1974) yields 
formation temperatures of between 52°C (95th percentile) and >100°C (5th percentile). 
Precipitation temperatures generated between the 25th percentile and the 75th 
percentile are between 74°C and 111°C Figure 4.13. Kaolinite separates are from 
burial depths between 7000 and 9000feet and such precipitation temperatures, near to 
current well temperatures, would indicate that kaolinites are a late diagenetic phase 
unless there was an anomolous rise in temperature during burial. As kaolinite is not 
petrographically the last diagenetic phase to form (Figures 4.8, 4.9) these 
temperatures are deemed unlikely. On a 00_0180 cross-plot (Figure 4.15), the values 
lie below theoretical compositions for kaolinites which could have precipitated from 
marine water, at any temperature. To suggest that original Palaeocene marine pore-
fluids were present during kaolinite precipitation, would also require exchange with an 
isotopically depleted hydrogen source of at least -40%oSMOW with respect to 
depositional marine water. Therefore it is considered that marine water was an 
unlikely pore-fluid during kaolinite precipitation. 
Texturally early (36.8-50.1 % minus-cement porosity) calcite concretions from wells 
15/20-4, 15/26-3, 15/26-4 and 16/28-6, which pre-date kaolinite have 0180 
compositions of 18.0 to 22.79'ooSMOW, Chapter 2. Precipitation at shallow burial (i.e. 
at temperatures <25°C) would necessitate a pore-water composition similar to that of 
early Tertiary meteoric water, &180 = -lO%oSMOW, &0 = -85%oSMOW; Forester and 
Taylor 1977; Stewart et al1993). Since the bulk of kaolinite post-dates early 
concretion growth, Palaeocene meteoric water could therefore have been a possible 
pore-fluid during kaolinite growth. This would indicate kaolinite precipitation at 
17°C (75th percentile) to 38°C (25th percentile). Such temperatures would suggest a 
syn·depositional origin for the kaolinites which contradicts petrographic evidence for 
growth during moderate to late burial diagenesis Hydrogen isotope values are also 
incompatible with kaolinite precipitation from meteoric water. On the 00-&180 cross-
plot (Figure 4.15), isotopic compositions lie well above theoretical compositions 
calculated for kaolinite precipitated from Tertiary meteoric water. 00 compositions 
lie above the -85%oSMOW value estimated for early Tertiary meteoric water (Forester 
and Taylor, 1977). Post-precipitation exchange with isotopically enriched hydrogen 
with respect to meteoric water of+40%oSMOW is required ifkaolinite precipitated 
from meteoric water. We therefore consider a meteoric formation water to be 
unlikely. 
Chapter 4 Kaolinite growth during pore-water mixing 4.7 
A mixed water of a marine dominated composition is hence the most likely pore-water 
during kaolinite precipitation. From the 00-0180 cross-plot kaolinite could have 
precipitated from pore-waters with 0180 between -6.5 and -4%oSMOW (Figure 4.15) 
generated by simple mixing of Palaeocene marine and meteoric waters. The 
proportion of early Tertiary meteoric water required would be at most 65%. 
Resulting precipitation temperatures of between 35 and 80°C are compatible with the 
paragenetic sequence 
Precipitation depths - It would be wrong for geologists to interpret kaolinite 
precipitation temperatures in terms of burial depth without taking account variation in 
paleao-thermocline and palaeo-surface water temperatures. The actual temperature of 
the bottom of the Tertiary North Sea is unknown (see Chapter 2). However there is 
strong evidence that surface water temperatures were elevated during the late 
Palaeocene to mid Eocene. Oxygen isotopic data from fossil shallow living molluscs 
Can be interpreted as a rise in the surface temperature of seawater from 10-13°C to 
22-28°C reaching a maximum art around 47Ma (Burchardt 1978). Geologists should 
be wary of applying thermoclines where bottom waters reach 5°C at the seafloor 
during this warming period. The spread of isotopic values of kaolinite separates is 
likely to point to precipitation over a period of time during burial history and not to 
one specific time where the chemical system was altered resulting in kaolinite 
precipitation. 
4.5.3 Hydrogen isotope exchange? 
Macaulay et al. (1993) have raised the possibility that during precipitation of 
kaolinites within the North Sea Upper Jurassic Magnus Sands, the presence of 
'organic-water' (-90 > 00 > -250%0, Sheppard and Charef, 1986) may have been 
responsible for remarkably low 00 values. Abnormally depleted 013C values (up to -
30%oPOB) in the Lower Palaeocene early calcite concretions, in wells 15/20-4 and 
16/28-6, that predated the bulk of kaolinite precipitation provide evidence that 
hydrocarbon were present within the Palaeogene sands during the early Tertiary 
within the Fisher Bank Basin and Frigg Basin area (Stewart et al. 1993, Watson 
1993b). These hydrocarbons may have been early oil migrating into the sands or 
methane produced in-situ within the Montrose sands during early burial. Abnormally 
depleted hydrogen isotope compositions have not been observed in the kaolinites in 
this study, though from the 013C values of the concretionary calcites in wells 15/20-4 
and 16/28-6, hydrocarbons had already been present in the sands at this time. Any 
involvement of isotopically depleted organic hydrogen would result in kaolinite being 
interpreted as precipitating at lower temperatures (within increasingly meteoric water) 
than the 35 to 80°C already indicated. It is therefore concluded that measured 
kaolinite 00 values have not been influenced by hydrogen (oflow 00) associated with 
organic matter. Further, there is no evidence for post-precipitation hydrogen isotope 
exchange leading to uniform 00 values as observed by Longstaffe and Ayalon (1990). 
4.5.4 Timing of meteoric ingress 
The introduction of meteoric water into these marine sandstones could have occurred 
during the Palaeocene/early Eocene. This was a period of widespread regression 
within the North Sea (Milton et al. 1990) during the deposition of the Montrose and 
Moray Groups (63 to 54Ma, Milton et al. 1990; 61 to -56Ma, Jones & Milton 1994) 
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When there was a 800m relative sea-level (Jones & and Milton 1994). This sea-level 
fall has previously been suggested by Barnard & Bastow (1992) to have caused the 
degradation of hydrocarbons within the Northern North Sea. From the distribution of 
early Eocene lignite beds within the overlying Beauly Formation (Milton et aI. 1990; 
Mudge & Copestake 1992), the presence of a wide coastal plain extending eastwards 
at least to Quads 14 and 15 (Milton et al1990, Timbrelll993) has been deduced. 
This lies directly over the thickest and shallowest section of the Lower Palaeocene 
sands, indicating that there was a large body of fresh water in the proximal part of the 
Lower Palaeocene aquifer. The introduction of meteoric water into the sands would 
have been aided by the meteoric head from the adjacent elevated East Shetland 
Platform which supplied sediment throughout the early Tertiary (Knox et aI. 1981). A 
second-order marine transgression across the East Shetland Platform (Milton et a1. 
1990) took place in the Eocene. This would have cut off the supply of meteoric water 
into the sands. De-watering of the marine mudrocks overlying the hydrostatically 
pressured sands could have supplied basinal pore-water into the sands resulting in the 
mixing of isotopically different waters during kaolinite growth. A later significant 
period of relative sea-level fall also took place during the late Eocene (Jones and 
Milton 1994) where a sub- arial erosion surface is present over the Outer Moray Firth. 
A further period of meteoric recharge is proposed to have occurred during the 
Miocene by Mason et aI. (1995). This is used to explain the occurrence of degraded 
oils within Palaeogene oilfields in the Outer Witch Ground Graben. Meteoric water 
could also have entered the Montrose Group sands at this time. However a thick 
blanket of muds over the Montrose Group at these times may have acted as an 
aquiclude during this period. It is possible that kaolinite growth may have been 
triggered by the changes of hydrogeological states, i.e. during meteoric incursion in 
the late Palaeocene/early Eocene and late Eocene. 
3.6 Conclusions 
1. Combined oxygen and hydrogen stable isotopic data suggest that kaolinite was 
precipitated from mixed meteoric- marine water, (8180 = -6.5 to -4%oSMOW, 8D= -52 
to -28%oSMOW at temperatures between 35 to 80°C. This is compatible with 
petrographic and isotopic data from early calcite concretions. 
2. Pore water evolution can be tentatively related to Palaeogene sea-level changes. 
Depositional marine pore-waters were displaced during deposition of the Palaeocene 
sandstones by meteoric water flushing as a result of eastward progradation of deltaic 
deposits which reached a maximum extent during the latest Palaeocene/early Eocene 
(54.8 to 54.0 Ma). Meteoric influx was cut offby a marine transgression (54.0 Ma) 
and westwards migration of the coastline within the North Sea Basin. Meteoric 
ingress may, have been renewed at 37Ma, during the late Eocene. 
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Figure captions 
Figure 4.1 Centrat'North Sea showing location of sample wells and base Cretaceous 
structural elements 
Figure 4.2 Secondary porosity with depth, supplemented with BP point-counted data 
from wells 16/28-4, 21110-FB55, 22112-7. Secondary porosity generally makes less 
than 4% of rock volume. Wells 15/26-3, 15/26-4,22/12-7 and 22/17-4 contain more 
secondary porosity than other sample wells. 
Figure 4.3 Paragenetic sequence for Montrose Group sandstones. Kaolinite post-dates 
eo-genetic mineral cements, but pre-dates petrographically late quartz overgrowths 
and fibrous illite. 
Figure 4.4 SEM photomicrograph. Cluster of pore-filling vermiform kaolinite 
maintains pore-space. Well 15/20-4, 1981m. 
Figure 4.5 SEM photomicrograph. Pore-filling vermiform kaolinite from well 15/26-4, 
cored depth 2070.2m. Kaolinite forms up to 12% rock volume within this well. 
Figure 4.6 SEM photomicrograph. Larger vermiform kaolinite up to 100J.U1l across fill 
spaces created by expanded mica flakes. Well 16/28-6, 2631.0m. 
Figure 4.7 SEM photomicrograph. With greater burial a more blocky habit of 
kaolinite predominates. Blocky habit kaolinites often appear to overgrow kaolinite 
verms Well 23/16-4, 2309.63m. 
Figure 4.8 SEM photomicrograph. Blocky kaolinite within well 15126-3 overgrown 
by later quartz overgrowths. Cored depth 1876.5m. 
Figure 4.9 SEM photomicrograph. At depth greater than 2500m, fibrous illite 
precipitates upon the edge offraying kaolinite flakes. Well 16/28-6, 2734m. 
Figure 4.10 Kaolinite percentage versus depth. Within wells 15/26-3 and 15/26-4 
substantially more kaolinite (up to 12% rock volume) is seen compared with other 
wells. 
Figure 4.11 Secondary porosity (% - horizontal axis) vs kaolinite (% - vertical axis) 
plots for individual wells. No wells show a linear relationship between secondary 
porosity and kaolinite that would be expected ifkaolinite and authigenic quartz were 
derived simply from the dissolution offeldspar. 
Figure 4.12 Secondary porosity (%) vs kaolinite (%) plots for all well. The line 
2Vfeldspar=Vkaolinite refers to the relationship ifkaolinite is derived from the 
disolution offeldspar. The line Vfeldspar=Vkaolinite adjusts the former relatioship 
assuming 50% porosity between kaolinite flakes. Most volumes are low, less that 3% 
secondary porosity, and kaolinite cluster at the origin. Wells 15/26-3 and 15/26-4 
show a distinct excess of kaolinite than can be acounted for by point-counted 
seconary porosity. 
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Figure 4.13 Precipitation temperature vs 0180SMOW (kaolinite) plot. Two possible 
porewaters are marked, Tertiary meteoric water and marine water (0180 =-
. 10%oSMOW and -0.9%oSMOWrespectivley; Forester & Taylor 1977 and Shackleton & 
Kennet 1974). Two kaolinite composition of 13 and 17o/ooSMOW, close to 25th and 
75th percentiles 13.2 and 16.8%oSMOW (all wells), are marked as thick curved lines. 
Intersection of kaolinite and porewater values are carried over horizontally to the 
vertical axis where precipitation temperatures can be read off. 
Figure 4.14 Oxygen isotope histograms of kaolinite values from individual wells. 
Values range from 8.9%oSMOW in well 15/20-4 to 23.1 %oSMOW in well 23/16-4. 
Figure 4.15 Cross-plot of diagenetic kaolinite isotopic composition (0180 vs. oD). 
Solid lines represents compositions of kaolinites which theoretically would precipitate 
out of waters of differing compositions. Porewaters -9, -7, -5, and -3%0 lie on a 
simple mixing line between Tertiary meteoric (-1 O%oSMOW, Forester & Taylor 1977) 
and marine waters (-0.9 %oSMOW, Shackleton & Kennet 1974). Dashed lines 
represent isotherms in °C. Simple interpretation of kaolinite compositions indicates 
that kaolinite precipitated out of mixed meteoric -marine porewaters of between 
0180=~6.5 and -4.0%oSMOW at temperatures of between 35-80°C. 
Figure 4.16 Box plots of kaolinite oxygen isotope values, n=4, 14/13-3; n=23 15/20-
4; n=3 15/28-5; n=16 16/28-6; n=8 16/29-2; n=4 22/17-4; n=l1 23/16-4. Each box 
has a line inside, this line shows the median value. The top and bottom of the box 
marks the limits of25% of the variable population; each box contains 50% of the 
data. 
Figure 4.17 Percentile plot of kaolinite oxygen isotopvalues from all wells. Vertical 
line in box shows the median value. The dashed vertical line represents 25% and 75% 
of the data. The edge of the box represents 5% and 95% of the data. The 25th and 
75th percentiles are 13.2 and 16.7%oSMOWrespectively. 
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T bi 421 a e . SOtOPIC compositIOns 0 fk r . ao mite 
Well cored depth (m) size (!.lID) (518OSMOW (5DSMOW 
14/13-3 826.90 2 15.6 
826.90 0.5 14.2 
829.60 2 11.5 
829.60 0.5 17.5 
15/18-5 1679.00 2 17.6 
1686.00 2 11.8 
1686.00 0.1 17.7 
15/20-4 1975.00 10 14.9 -52.9 
1975.00 10 19.4 
1975.00 5 15.3 -54.2 
1975.00 2 15.4 
1975.00 2 13.8 
1975.00 0.5 15.3 
1975.00 0.1 15.1 
1975.00 0.1 20.1 
1975.00 0.1 11.2 
1981.00 5 15.0 
1981.00 0.5 14.1 
1986.85 5 15.6 
2002.60 5 21.0 
2013.55 5 15.1 
2013.55 5 to.7 
2019.40 10 16.2 -70.1 
2019.40 2 15.8 
2019.40 2 11.0 -63.9 
2019.40 0.1 13.6 
2019.40 0.1 10.8 
2019.40 0.1 15.0 
16/28-6 2585.50 to 1l.5 
2585.50 2 14.0 
2585.80 5 15.1 
2598.75 10 15.0 -55.6 
2598.75 5 15.2 -70.5 
2598.75 2 16.2 
2598.75 2 14.5 
2660.25 5 20.0 
2660.25 5 16.7 
2689.75 5 17.1 
2675.70 2 13.2 
2705.75 2 11.0 
2734.50 2 13.4 
2734.50 2 10.6 
16/29-2 2638.16 2 13.5 
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2638.16 0.5 15.2 
2638.16 0.1 13.4 
2654.80 2 14.1 -71.3 
2654.80 0.1 12.6 
2683.51 2 12.7 
2683.51 2 15.5 -55.1 
2683.51 1 14.5 -53.0 
22/17-4 2580.43 2 15.4 
2580.43 0.5 12.8 -55.5 
2644.44 5 13.2 
2644.44 2 12.1 -58.0 
22/20-3 2689.70 2 17.3 
23116-4 2150.19 2 17.6 
2155.82 2 18.6 
2161.65 2 16.7 
2161.65 1 15.6 
2161.65 0.5 15.8 -76.8 
2180.25 1 19.8 -58.6 
2180.25 0.1 16.8 -76.8 
2180.25 0.1 12.9 
2180.95 2 17.4 
2309.65 1 23.1 
2309.65 0.5 15.5 
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Well Depth (m) Grain size (Jllll) ~180SMOW ~D 
Brint (1989) 
mixed habit 
211118-A45 2628.0 2-5 16.9 -48 
211118-A45 2630.0 2-5 16.0 -66 
211118-A45 2631 2-5 16.0 -66 
211118-A45 2634 2-5 16.9 -54 
211118-A45 2800 2-5 17.7 -68 
211118-A30 2741 2-5 16.1 -54 
211118-A31 2756 2-5 15.8 -59 
211118-A31 2768 2-5 17.2 -49 
211118-A31 3012 2-5 15.1 -55 
211119-4 3048 2-5 17.1 -61 
211/19-4 3056 2-5 17.0 -58 
211119-4 3187 2-5 16.7 -55 
211/19-6 2875 2-5 15.6 -57 
211123-2 2875 2-5 15.6 -57 
211123-2 2880 2-5 16.1 -54 
211123-3 2711 2-5 15.8 -67 
211123-4 2765 2-5 16.7 -67 
211/23-4 2831 2-5 18.3 -58 
211123-4 1838 2-5 17.2 -66 
Glasmann et al. (1989) I 
blocky habit 
2/5-3 3353.1 2-10 13.5 -52 
2/5-4 2962.7 2-15 13.9 -52 
2/5-9 3325.9 2-15 14.6 -34 
2/5-9 3325.9 10-20 14.5 -44 
2/5-12A 3569.6 2-15 13.6 -44 
2/5-12A 3581.9 2-15 13.1 -60 
2/5-12A 3590.0 2-15 13.6 -54 
2/5-H4 3619.8 2-15 13.7 -54 
2/5-H4 3625.4 2-15 13.6 -53 
2/5-H4 3654.6 2-15 14.3 -56 
2/5-H4 4323.9 2-15 14.3 -58 
MacAulay et al (1994) I 
Dickitelblocky habit 
211127-c12 11530ft 2-5 13.4 -47 
211/27-A8 11607ft 2-5 13.3 -44 
211127-A22 11806ft 8-15 12.8 -50 
211127-A22 11806ft 5-8 11.3 -47 
211/27-A22 12031ft 8-15 12.9 -42 
211127-A22 12058ft 8-15 12.6 -50 
211/27-A22 12058ft 5-8 11.0 -47 
211127-A22 12058ft 2-5 13.4 -49 
211/27-A17 11956ft 2-5 13.8 -48 
211l27-A22 12084ft 8-15 14.4 -36 
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211127-A28 12779ft 8-15 13.3 -38 
211/27-A28 13064ft 8-15 13.0 -33 
MacAulay et al 1 j1994) vermiform 
211127-2 10541ft 2-5 14.3 -49 
211127-2 10562ft 0.2-0.5 14.5 -48 
Osborne et al. (1994) I 
vermifrom habit 
2/10-a6 1672.8 0.5-2 16.7 -55 
21l0-a6 1672.8 2-10 17.7 -53 
21l0-a6 1672.8 53-64 18.3 -47 
21l0-a7 1638.6 <0.5 16.9 -54 
2110-a7 1648.7 2-10 17.0 -68 
2/10-a7 1679.5 2-10 16.1 -54 
2/10-a7 1679.5 0.5-2 16.3 -54 
3/ll-b3 1681.0 0.5-2 16.4 -58 
3/l1-b3 1681.6 2-10 17.2 -56 
31l1-b3 1681.6 2-10 18.5 -67 
3/ll-b3 1682.8 2-10 17.2 -49 
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CHAPTER 5 POROSITY AND PERMEABILITY CHARACTERISTICS OF 
THE LOWER PALAEOCENE CLASTIC SEQUENCE, CENTRAL NORTH 
SEA, UK SECTOR. 
~l Abstract 
A regional study has been undertaken to determine the main controls on porosity and 
permeability within the Montrose Group sandstones, the most productive reservoir 
interval in the Central North Sea. 
Poroperm data have been collated from Lower Palaeocene Montrose Group submarine 
fan sandstones encountered in forty-two wells in the Central North Sea at depths 
ranging from S800ft to 9400ft (1.8 to 2.9km). Well-logs indicate that massive sands 
with sharp bases and tops occur within thick mudrock sequences. Within cored wells, 
lithofacies are dominated by amalgamated sequences of massively- bedded sandstones 
(>7S% of core length) with infrequent dish-and-pillar sedimentary structures. These 
are interpreted as vertical amalgamation of channel deposits. Petrography indicates 
that the sands form a fine-to-medium grained, poorly-to-moderately sorted 
sUblitharenite, mud content <S%. The distribution of cored Palaeocene wells reflects 
the underlying Mesozoic structures that create traps and as a consequence wells have 
been subdivided into four areas: Fladen Ground Spur (FGS), Fisher Bank Basin (FBB), 
Forties Montrose High (FMH) and the East Central Graben (ECG). 
Within each area poroperm crossplots from the massive-bedded lithofacies show 
tightly constrained clusters of values; FGS 22-33% IS0-3000mD, FBB 17-32% 40-
10S0mD, FMH 22-36% 80-10S0mD, ECG IS-30% 1-400mD. Where there was a 
tuffaceous component in massive-bedded sandstones, diagenetic chloritic grain 
coatings maintain high porosities, but permeabilities drop by a factor often. In wells 
located lateral to submarine fan depositional centres, porosities of massive sandstone 
remain high but permeabilities can drop to <lmD .. Tight carbonate cemented zones, 
10's cm to I.Sm in length, with negligible porosities and permeabilities, are present 
within the sands, generally making up to a few percent of core length. 
Poroperm variations in individual wells are controlled by depositional sub-facies. 
These include poorer sorted or muddy matrix sediment at the bases of sandstones, and 
the presence of fluid escape structures. In sandstone intervals> 10m thick, 'poroperm 
bows' S-9m in length, are apparent (porosities vary by up to several percent, 
permeabilities vary by up to a factor offour). Dish-and-pillar structures which are 
prevalent towards the top of individual sand depositional units coincide with lower 
poroperm values. Carbonate cemented zones are also associated with these dish-and-
pillar structures. We infer that carbonate fines were present in the depositional sand 
matrix. Dewatering concentrated these into 'dishes' which later acted as nucleation 
surfaces for diagenetic cements. 
The diagenesis of the Montrose Group has been slight with sandstones containing less 
than S% volume authigenic minerals. Volumetrically the most important minerals are 
concretionary carbonate, quartz overgrowths and vermiform kaolinite. Porosity/depth 
relationships are similar to those reported from the Brent Group and Norwegian Shelf 
sandstones, until depths of8000ft (2.4km), where Montrose Group porosities decline 
at a higher rate. For each area porosity-declines per thousand feet are; FGS 1.69, 
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FBB 2.68, FMH 4.04 and ECG 12.27. The reason for the rapid decline in porosities 
in the ECG is unclear. It could result from a combination of a) depositional variation or 
b) diagenetic processes. 
The lack of volumetrically important authigenic minerals within the FBB, FMH and 
FGS indicates that porosity decline in these areas has resulted from mechanical 
compaction and not chemical alteration/compaction. By contrast rapid decline in the 
ECG implies different processes. Similar porosity trends have been noted in the M. 
Jurassic and U. Jurassic sands in the Northern North Sea e.g. (Magnus Field), (Emery 
et al. 1993). 
~2 Introduction 
Porosity and permeability relationships with facies and depth are of prime importance 
during regional evaluation of new prospects. Such relationships are normally based on 
empirical porosity- depth curves, (Sclater & Christie 1980; Baldwin & Butler 1985) 
and later modified by integration with existing core data, paragenetic sequences and 
burial history curves (Giles et al. 1992; Ramm 1992; Emery et al. 1993; Ramm & . 
BjorIykke 1994). Within the Northern North Sea published data and interpretations of 
poropenn trends of the Brent province (Giles et al. 1992; Harris 1992; Kantorowicz et 
al. 1992) and the Norwegian Shelf(Ramm 1992; Ramm & Bjorlykke 1994) are widely 
available. These generally show on a regional scale that although major diagenetic 
alterations have had a strong influence in modifying porosity type and permeability, 
Particularly with regards to feldspar dissolution, no apparent deviation from linear 
Porosity-depth trends can be seen. Similarly Texas Gulf Coast Tertiary sandstones 
show no rapid alteration in porosity at any depth although feldspar dissolution (up to 
15%BV) takes place at 6000ft to 9000ft (1.8 to 2.7km) burial (Loucks et al. 1984). 
MaCBride et al (1991) in a study of Texas Gulf Coast sandstones found that rate of 
Porosity decline by mechanical compaction was high until burial depths of 1200m. At 
depths greater than 1200m the porosity decline continued at a slower rate with 
intergranular porosity reaching single figures at depths >3500m. These authors also 
found that diagenetic quartz overgrowths consistently formed over 10% of thin-section 
volume at depth greater than 2S00m. Emery et al. (1993) concluded that trends of 
rapid porosity decline within Northern North Sea Mesozoic fields could be explained 
by the interaction of oil migration and quartz cementation. The importance of time of 
compaction has been demonstrated for uncemented sands of Jurassic to Holocene age 
(Palmer & Barton 1987) and the importance of time-temperature index of thermal 
maturity to porosity loss by compaction for several formations has been demonstrated 
by Schmoker & Gautier (l988) 
DUring the initial exploration of the North Sea, simple porosity- depth trends were 
determined shortly after porosity data was recovered from Palaeocene sandstones 
(Selley 1978). Sc1ater & Christie's widely used (Sclater & Christie 1980) empirical 
Porosity depth curves also included data from North Sea Tertiary sandstones. 
SUfficient core data have now been released from the Palaeocene Montrose Group to 
create porosity-depth plots and examine any regional variation. The Palaeocene 
sandstones are cored to 9000ft (2.7km) and provide a useful comparison with mid-
Jurassic sands cored to 9000ft (2.7km) and deeper in the northern North Sea. In this 
stUdy the effects of chemical versus mechanical compaction in destroying porosity are 
Contrasted. It has generally been established that porosity declines in way of 
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, sandstones by way of mechanical compaction at depth to 0.5-3km (Kurkjy et al. 1987; 
Ramm & Bjorlykke 1994) and deeper than 2.5km, processes of chemical compaction 
become more dominant (Giles et al. 1992). However McBride et al. (1991) in their 
substantial study of Palaeogene sandstones (Wilcox and Claiborne Groups) find that 
compaction is rapid to approximately 1200m. Below this depth compaction is more 
variable and slower but is still the main cause of porosity reduction, though quartz 
cements may have retarded compaction. 
~3 Location 
The Montrose Group sandstones (Deegan & Scull 1977) subcrop within the Central 
North Sea: the study area covers Quads 14, 15, 16,21,22 and 23, Figure 5.1. The 
Montrose Group has been separated into the generally accepted lithostratigraphic 
three-fold partition of submarine fan sequences, Figure 5.2 (Maureen, Andrew and 
Forties Formations (Deegan & Scull 1977): They are identified on a coarse scale by 
large gamma-ray bows aided by the colour of interbedded muds (Carman & Young 
1981). Much confusion occurs regarding the precise stratigraphy of the Montrose 
Group (Knox et aI. 1981; Milton et at 1990; Mudge & Copestake 1992). This results 
from the high sand/shale ratio of the sands which reduces the diversity and preservation 
potential ofmicrofossils. These stratigraphic problems do not affect this study as 
clastic depositional processes did not vary throughout the early Tertiary, though there 
is a general decrease of sand/shale ratios during the Palaeocene (Den Hartog Jager et 
aI. 1993) 
Deposition was generally from the north-west through the Witch Ground Graben with 
a sandy fan of increasing importance sourced from the west, south of the Halibut Horst 
(Rochow 1981; Reynolds 1994). Subsidence was particularly rapid in the Witch 
Ground Graben area during Palaeocene-Eocene, and in the East Central Graben during 
the Pliocene onwards (Sclater & Christie 1980) Figure 5.3. Burial history curves for 
the Tertiary-Quaternary are generally poorly constrained. 
~4 Sedimentology 
The dominant lithofacies throughout the clastic sequence is a massively bedded 
sandstone (Crawford et al. 1991; Cutts 1991; Mound et al. 1991; Tonkin & Fraser 
1991; Wills 1991; O'Connor & Walker 1993). Regionally these massive sandstones 
are petrographically fine (to medium) grained and moderately (to poorly) sorted, 
sublitharenites. The sands are dominated by simple strained quartz grains, with lithic 
grains suggesting an input from a metamorphic hinterland (Morton et al. 1993). 
Minor facies are sandstone with dish structures, sandstone with mud clasts, ripple and 
planar laminated sandstone, muddy siltstone, mudstone and bioturbated sandstone 
(Cannan & Young 1981; O'Connor & Walker 1993) 
t5 Methodology 
5.5.1 Sampling , 
lIe-porosity and permeability data from Palaeocene cores have been compiled from 42 
Wells, Table 5.1. The original data is available for public access in BP, Dyce, 
Aberdeen; or at the BGS core store in Edinburgh. Readings are in most cases taken 
every foot if Imperial measurements are used and every 25cm ifmetric. Copies of 
composite logs of cored intervals were also taken to compare log traces with 
poroperm variations. Data was entered into graphics/spreadsheet program 
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(KaIeidagraph). All well data was examined courtesy ofR Anderton and R Dixon, 
BP, Aberdeen. 
Montrose Group sandstones are often uncemented due to both shallow burial and lack 
of volumetrically important authigenic cementing minerals. "Loose", "crumbly", 
"poorly cemented", or "friable" are terms commonly found on composite logs 
describing these sands. Some core samples themselves, particularly tuffaceous-rich 
sands, are bagged to prevent the sands simply spilling into sample boxes. This may 
result in either a lack ofporoperm data where no measurements could have been taken, 
Or misleading high permeability streaks resulting from fracturing during handling if the 
sands had some consolidation (Emery & Robinson 1993) 
5.5.2 Log facies 
Sands with an homogenoeus character were isolated to compile porosity-depth trends. 
This was carried out in two ways, a) by defining log facies and b) from porosity-
permeability cross-plots. 
a) Log facies - Carman & Young (1981), used gamma-ray patterns to define five log 
facies of Forties Field sandstone. These were correlated with cored intervals in order 
to build up a three- dimensional model of the field where wells were logged but not 
Cored. These 'log-facies' are limited by the resolution of the gamma-ray logging tool 
and cannot identify small scale, approximately <50cm sized sedimentary units (Gee1 
1993). The pattern, recognised by Carman & Young (1981) as 'constant low gamma-
ray', with uniformly low gamma, density and sonic but high resistivity electric logs, 
corresponded to amalgamated successions (1 0-60m thick) of massive sandstone with 
individual beds <1.5m thick, with minor pebbly sandstones and sparse 'proximal-
turbidites'. 
In this study, blocky gamma-ray signature is defined as intervals where gamma-ray 
readings are low «35 API units with +5 API units variation), and where possible 
sandstone thickness is greater than 5m (15ft) thick. Comparison with core samples 
reveals that the actual lithofacies of these blocky zones range from pebbly sandstones, 
massive sandstones to massive sandstone with dish structures. The density and sonic 
logs closely match the lack of variation within these intervals with the exception of 
Sudden and isolated kicks where tightly cemented zones are encountered within the 
sandstone. 
b) P.oroperm crossplots; where blocky facies are greater than 5m115ft thick the above 
system works very well, such as in the Fladen Ground Spur area. Towards distal 
areaS, areas lateral to channel systems or nearing the very top offormations where 
overall sand/shale ratios decline, the massive sandstones/amalgamated units become 
too thin for blocky gamma-ray identification. Therefore in these cases an assumption 
Was made, on the basis of available BP sedimentological reports, that the dominant 
facies within the core is massive sandstones. Hence tightly grouped values on 
Porosity-permeability cross-plot represent this facies. These groupings were visually 
estimated and separated from other well values by isolating them on spreadsheets. 
Montrose Group cored wells are not uniformly distnbuted, but reflect the underlying 
Mesozoic structures that create trapping structures. Four-way closure drape traps 
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· resulting from compaction over Jurassic tilted fault blocks and Zechstein salt domes 
are the most common trapping method. Wells have therefore been consigned to four 
regional groups; Fladen Ground Spur, Fisher Bank Basin, East Central Graben and the 
Forties Montrose High, Table 5.1. 
Ten wells, chosen to represent the different regions were core sampled, Table 5.2. 
Epoxy-resin impregnated thin-sections from these wells were used to compare porosity 
Variations with sedimentological and diagenetic properties. Rock stubs were used to 
identify diagenetic alterations using a scanning electron microscope. BP in-house 
sedimentological reports were also available. 
5.6.1 Porosity/permeability-depth variations in single wells 
Where cored intervals are long enough, poorly defined 'bows' of porosity and 
permeability values are a common feature particularly in 'blocky' intervals. The bows 
start and end with low porosity/permeability and have higher values within the middle. 
Table 5.3. These 'bows' are often but not always recorded by subtle changes in the 
gamma-ray log. Examples of this include Figures 5.4, 5.5, 5.6, 5.7, and 5.S. These 
poroperm variations are of interest to petroleum geologists as they illustrate the range 
in poroperm characteristics and give the vertical scale of poroperm variations within a 
seemingly homogeneous sandstone as suggested by electric logs. 
a) Within well 16/21-20, Figure 5.4, (7328ft to 7355ft) poroperm variations are 
mapped by subtle changes in the gamma-ray log. 
b) In well 15/25-2, Figure 5.5, distinct 'bows' in permeability at depths 7180ft to 
7240ft are not clearly mirrored by the relatively constant trace of the gamma or sonic 
log. Well 16/29-8, Figure 5.6, has two distinct bows of 15ft (4.6m) in length with a 
wide range in porosity and permeability (k=20-500mD, ~=15-25%) which occur within 
the Andrew Formation. They are not identified on gamma-ray traces. . 
Of note is the fact that cemented horizons as picked out on the sonic/density logs are 
often found in the vicinity of bow tips Figures 5.5 and 5.7 (15/25-2 and 15/26-3). 
These kicks, described as 'calcite-cemented horizons', 'hard-cemented' or 'arenaceous 
limestone', on the composite logs are of the scale 10's of cm and up to 1.5m. 
5.6.2 Explanation 
There are two possibilities to explain the occurrence of bows within the amalgamated 
Inassive sands; . 
a) diagenetic and/or b) sedimentological 
~) Diagenetic'alteration - The changes in porosity and permeability could be diagenetic 
In origin and represent the dissolution of material preferentially along certain layers 
perhaps following beds which originally had higher permeability (Haszeldine et al. 
1984). In the case of the calcite concretions this represents transfer of homogeneously 
distributed detrital calcite to a precipitation surface thus leaving a 'leached zone' of 
~gher porosity around the vicinity of concretions. Wilkinson & Dampier (1990) 
illUstrate a radius of influence where an homogeneous sandstone with a previously 
even distribution of detrital carbonate has a zone of depleted carbonate surrounding 
authigenic calcite concretions. 
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Well 15/26a-3, Figure 5.7, 5.9, Table 5.4, illustrates one of the bows present. Across 
the tip of the bow at core depth 1890.6 to 1904.7m a series offive core samples were 
taken. Petrographical analysis by thin-section indicated that the depositional grain size 
of the samples do not vary significantly. Neither authigenic nor detrital calcite is 
present outside the concretion. Rock volumes suggested by porosity change implies a 
noticeable dissolution of detrital carbonate (Wilkinson & Dampier 1990). However 
the high porosity bows are much wider than expected by dissolution. Authigenic 
calcite does not extend further than the edge of the concretions. This suggests that 
the diagenetic alterations do not explain the presence of the bows. 
However although no substantial calcite substrate can be found outside concretions, 
87Sr/86Sr analysis of concretions indicates that detrital Palaeocene carbonate and 
resedimented chalk are the predominant sources for calcite (Chapter 2). It is 
hypothesised that:- either detrital calcite, probably a very small percentage of the rock, 
at one time evenly distributed has later been dissolved and then reprecipitated to form 
Concretions. Or, that calcite had been introduced into the sands from adjacent 
mUdrocks; small calcite veins within sandstones would support an input of carbonate 
into sands. 
b) Sedimentological . 
The changes in porosity and permeability recorded by 'bows' may also identify 
amalgamated channels of similar composition and grain size. In some well's 
composite logs (wells 15/25-2 Figure 5.5, 16/29-8 Figure 5.6), individual channel 
beds in a stacked sequence cannot be distinguished from the gamma-ray log. It is 
likely that many amalgamation planes between different massive sandstones (log facies 
B, Carman & Young 1981) are impossible to see visually and on electric logs because 
of insufficient compositional or grain size contrasts between consecutive sandstones. 
(Roger Anderton BP, Dyce, pers. comm 1992; Prosser et al. 1993). This possibility 
remains unresolved. 
The only sedimentological structures that are commonly present within massive sands 
are fluid escape 'dish-and-pillar structures' outlined by detrital fines (Wentworth 1967; 
Lowe 1975). These fluid escape structures result from liquefaction ofresedimented 
Sands during the sudden breakdown of a meta-stable loosely packed grain framework. 
The grains become temporarily suspended in the pore-fluid and settle rapidly through 
the fluid until a grain supported structure is re-established. To form dish-and-pillar 
structures sufficient fines have to be carried in suspension during submarine flows. 
Such conditions exist for mixed grain-mud flows during abandonment stages of 
individual fan channels (Wentworth 1967, Low 1975, Tonkin & Fraser 1991). Dish 
~d pillar structures are also more frequent towards the top of formations where there 
IS an overall decrease in sand/mud ratios. This was a consequence of the lowering 
Sand deposition rates on the East Shetland Platform edge prior to resedimentation 
Within North Sea depocentres. High permeability sands tend to dewater without 
disturbance of the grain framework which implies that structure less sands were 
Originally deposited without traction structures. 
Observationally dish structures are prevalent towards the top of individual flow 
depOSits, suggesting that such tops contain sediments together with finer sediment. 
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The concentration of these fines during dewatering enables visual identification of such 
structures. Detrital fines outlining dish-and-pillar structures comprise clays, carbonate 
mud and fine-grained micaeceous fragments. 
Results 
Plots ofporopenn obtained from conventional core analysis were compared in depth 
with detailed sedimentological reports from wells 16/28-6, Figure 5.8 and 15/20a-4. 
In both wells several tens of metres thickness of massively-bedded sandstones 
(described in SediMentological Reports as 'channel sands') have been cored. Porosity 
and penneability declines as dish structures are approached and the gamma-ray log 
shows a concordant and subtle increase in radioactivity (Table 5.5). 
It therefore appears that dish-structures control poropenn variations within massive 
sands which frequently make up to 90% of core length. The difference in porosity is 
small «5% variation) but the permeability drops by a power of 10 over a distance of a 
metre. Control over the siting of concretions is also apparent. The detrital 
composition of the fines was presumably rich in micaceous particles and carbonate as 
the agglutinated benthic forams were the predominant forams during this period 
(Berggren & Gradstein 1981). Thin-sections were not taken across these 'dishes', 
however visual analysis of cores indicates that muddy beds within the Montrose Group 
are calcitic. Bjorkwn & Walderhaug (1990) showed that layers where detrital 
carbonate was concentrated were also the places where concretions would precipitate 
Out. The nucleation points of calcite precipitation were more likely to be found within 
these layers. Also fracturing of muscovites provides nucleation points for calcite 
precipitation (Boles & Johnson 1983). Concretions are more prevalent within dish-
and-pillar areas, Figures 5.5, 5.7. As a consequence of this, on composite logs, 
without the benefit of poroperm information, concretions would appear to be randomly 
situated. 
~7 Porosity-permeability cross plots by structural region (Figures 5.10 and 5.11) 
In this section, poropenn data are compiled for different regions of the study area. 
These regions are based on the underlying Jurassic structural provinces which 
Controlled deposition of these Palaeocene sediments, and also controlled the post-
depositional subsidence of the Palaeocene sediments. The objective was to ascertain if 
the variations in calcite cement (Ch 2) also controlled general poroperm. In all 
regions, with the exception of the East Central Graben, 'blocky data' refers to data 
isolated from analysis of composite logs. Porosities and permeabilities were only 
taken from these blocky units where gamma-ray readings were low and sonic transit 
times were uniformly high. For the East Central Graben, because sand units are often 
too thin for 'blocky' identification, data was isolated from poroperm cross-plots. On 
the basis of sedimentological reports, the dominant facies was massive sandstones and 
hence grouped values represented this facies. 
5.7.1 Fladen Ground Spur, 
The groups are defined on Figure 5.10a 
ai) Blocky sands, Figure 5.lla high poroperm values (cjl-k group = 22 to 33%, 150 to 
3000mD) are consistently high throughout the area probably reflecting little regional 
variation in grain-size and a low mud content. Values are tightly constrained 
representing distinct differences in lithologies with no merging of lithofacies. 
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· ali) Blocky sands, Figure S.lla, similar high porosities but with lower permeabilities 
(~-k group = 24 to 32%,40 to 150mD). In well 15/20-4, 15/20-7 authigenic chlorite 
coating on grains although less than 2% can reduce permeabilities by a factor of ten. 
b) Broad range ofporoperms representing minor lithofacies - ripple-laminated 
sandstones and muddy siltstones (~-k group = 5 to 25%, 0.02 to 100mD) 
c) Carbonate cemented sandstones (~-k group = <10%, <lmD). Although calcite 
cemented zones have no visible porosity in thin- sections, they have porosities up to 
10%. This may represent fractured samples. 
5.7.2 Fisher Bank Basin, The groups are defined on Figure S.IOb 
ai) Blocky data Figure S.llb (~-k group = 17 to 32%,40 to 1050mD) There is a 
drop in poroperm values with respect to the Fladen Ground Spur probably representing 
a decrease in depositional sorting in the basin compared to the palaeo-horst. Well 
16/29-2 has better sorting resulting in higher porosities. 
ail) Blocky data, Figure S.l1b, (~-k group = 15 to 27%, 0.2 to 100mD). Wells 
lateral to major depositional axis in the Fisher Bank Basin, 22/3-2, 22/3-3 porosities 
remain high but permeabilities drop by a factor of ten, The elongate stretch of values 
may represent increasing mud content within massive sandstones. . 
b) Broad range of values with lower porosities and permeabilities than the massive 
sandstones representing silty-sandstones and other minor facies (~-k group = 2 to . 
20%, 0.02 to 50mD) 
c) Carbonate cemented sandstones (~-k group = <10%, <0.05mD) 
5.7.3 Forties Montrose High, 
The groups are defined on Figure S.IOe 
ai) Blocky data Figure S.lle (~-k group = 22 to 36%, 80 to 1050mD) High values 
for Core samples around the Forties Field area represent clay-free sandstones deposited 
on structural horst. 
ail) Blocky data Figure S.lle, (~-k group = 15 to 30%, 0.1 to 800mD) Large range 
of values containing data from depositionally distal wells. 22117T -4 data is 
concentrated (~-k group = 20 to 30%, 6 to 800mD) while 22/18-3 contains muddy 
sandstones. 
b) Broad range oflow values representing other facies (2 to 20%, 0.02 to 10mD) 
c) Carbonate cemented sandstones (~-k group = <10%, <0.02mD) 
5.7.4 East Central Graben, 
The groups are defined on Figure S.IOd 
a) Blocky data Figure S.lld, (~-k group = 15 to 30%, 0.05 to 400mD) Artificially 
tight grouping as most points have been sorted visually from individual well poroperm 
cross-plots and not from blocky facies. 
b) A substantial percentage of values taken are low, reflecting greater proportion of 
other lithofacies (~-k group = 2 to 20%, 0.02 to ImD). 
c) Carbonate cemented sandstones (~-k group = <10%, <0.02mD). 
t8 Poroperm trends with depth. 
Blocky log facies values have been isolated to construct porosity depth trends as 
Outlined in the methodology. 
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Curve fitting was calculated by 'least squares' method, on Kaleidagraph data analysis . 
computer application. This calculates a set of coefficients to the specified function, 
that minimises the square of the difference between the original data and the predicted 
function. This is relatively simple in terms of computing power but has a major 
weakness in its sensitivity to outliers from bulk populations. rtest values were compared 
with table of test values for correlation coefficients. 
Comparison between trends was done according to Student's t test to calculate 
COnfidence limits (Cheeney 1983). Critical region was 0.01. 
A simple statistical test was carried out to determine the minimum length of core to 
determine regional porosity decline using the standard sample spacing of25cm. 
Sampled core lengths varied from 7.5m (24ft) in well 15/19-2 to 130m (420ft) in 
16/28-6. The number of sample points varied between 11 in 22/5-10 to 236 points in 
well 16/28-6 where log facies were present. Within individual wells, where 
construction of porosity decline gradients were possible, porosity decline with depth 
Varies from 181.25 to -86.39%11000ft (594%/km to -283%/km) Table 5.6 cumulative 
proportion curves for porosity gradients and sampled core lengths are shown in 
Figures 5.12a, 5.12b. It is obvious that such rapid trends cannot be sustained over 
Core length and this range of porosity declines could be due to 
a) Sampling artifacts 
b) Sedimentological features 
c) Diagenentic alterations 
These are discussed below. 
5.8.1 Sampling effects . 
a) To determine whether sampling artifacts had an effect upon trends, it was decided 
to; 
i) see if trends are distributed in a significant manner 
ii) compare core lengths with porosity declines 
iii) see if trends are statistically significant 
i) Disregarding outlying porosity declines (>30 and <-15%/I000ft, 98%/km to 
49.21 %/km), statistical analysis, using students-t test, indicates that porosity declines 
have a normal distribution with a mean of 4.51 %11 OOOft (cr = 14.262, n=28), Figure 
5,12c. Two sub- peaks have means of2.575%/1000ft (cr=1.15, n=10) and 
17.36%11000ft (cr=18.2, n=10) Figure 5.12d. The first peak has a non-Gaussian 
distribution and is negatively skewed. 
ii) When porosity decline is plotted against sampled core length it is apparent that as 
the length ofeore sampled increases, values of porosity decline gradient move towards 
0%/1000ft, Figure 5.13a, 5.13b. Indeed 6 out of9 cores over 100ft have porosity 
declines from 0 to 6%11000ft (0 to 19.7%/km). . 
iii) Of the 28 trends calculated only 13 are >80% significant, the majority being <80% 
significant when tested with the students-t test, Table 5.6. No relationship was found 
between sampled core length and significance of porosity gradient trends. Neither . 
Was a relationship between regional area and trends found to be >80% significant. 
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This indicates that sampled core length strongly influences porosity decline. Longer 
cores give values closer to established declines of regional porosity declines (0-
6%11000ft, 0 to 19.7%/km):' Shorter cores «100ft) have a spread of values (-15% to 
42%11000', -49.2 to 137.8%/km) but with generally higher gradients of decline. This 
factor of core length possibly relates to the sediments of the depositional units, here 
channel :fills may individually produce fining-up grain-size trends. These have 
increasing porosities down-wards for depositional reasons over scales of 100ft. The 
low proportion of significant trends may be the result of blind choice of what 
constitutes massive facies i.e. gamma-ray 'blocky facies'. This probably results in 
sands of a different lithofacies being identified as massive facies resulting in an 
unnecessarily wide range in porosities ego the spread of values for well 16/29-2 at 
8800ft (2680m) is 8%. Future sampling strategies must target cored intervals longer 
than depositional units. Sampling should be conducted with sedimentological and 
electric log facies if possible. 
5.8.2 Sedimentological effects . 
To determine if sedimentological effects were influencing porosity gradients it was 
decided to investigate; 
i) sampling spacing 
ii) Core length relative to sedimentological features 
i) Sampling spacing. Bows in poroperm trends for individual wells are easily identified 
from core analysis of massive sandstones where blocky facies units are > 10m thick. 
This is an artifact of the spacing interval (25cm, 1 foot) of core-plug measurements of 
poroperm. As the thickness of amalgamated units declines 'bows' cannot be identified. 
It is simply scale of preserved units that changes, this does not necessarily represent a 
change in depositional lithofacies, for example stacked 'bouma' sequences or rapid 
decline in the overall sand/mud ratio, eg Figure 5.14. The representativeness of core 
plug measurements must always be seen in the light of plug measurements being point 
data from a continuous core. (Hurst 1987; Prosser et al. 1993). It is important to vary 
sampling lengths to quantify internal permeability heterogeneity. 
ii) Scale comparable to sedimentological features. 
Sedimentological features have several scales. Lower Palaeocene formations identified 
by broad gamma-ray bow signatures are composite bodies constructed of several 
channel sandstones, partly eroded and stacked vertically. Superimposed upon these 
are individual channel complexes identified by parasitical bows or blocky traces. A 
finer scale amalgamated sandstones are picked out by subtle gamma-ray variations or 
by sedimentological logging of core. Upon consideration of these facies the 
conclusion can be drawn that long cores have low porosity declines similar to 
statistically vaud values of regional porosity decline (Table 5.6) and that high rates of . 
porosity declines represent lithological variations; they have no large scale significance. 
5.8.3 Diagenetic effects 
Porosity declines with depth and could be due to compaction, or to pore-:fi11ing 
cementation. These two effects can be distinguished, using thin-section point- , 
counting technique to generate cross-plots showing: cement, porosity and intergranular 
Volume (Housnecht 1984). These plots enable us to investigate two effects:-
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i) Comparison between diagenesis and compaction using Housnecht intergranular 
volume plots. 
ii) Long cores (16/28-6, 16/29-2,21110-1 and 22117-4) diagenetic mineral volumes 
i) Figure 5.15 illustrates four representative wells' point count data plotted on a 
Housenecht Intergranular-Volume-Plot (Housnecht 1984) Table 5.7. Porosities are 
point counted not He-porosities; point counting carries large systematic errors and 
porosities are likely to be underestimated. The plot illustrates the relatively minor 
effect that diagenesis has had on the decline in porosity. There is generally less than 
5%BV authigenic minerals (kaolinite, quartz overgrowth, disseminated carbonates, 
pyrite and barytes). Compaction has been the process dominating porosity reduction. 
ii) Cement percentage with depth Four sampled long wells (>100ft, 30.5m) were 
examined. For each sample the percentage cement was recorded, these cement %BV 
are plotted against core depth, Figure 5.16. They indicate that there is no systematic 
increase in cement percentage with depth. 
In conclusion, compaction has had an overwhelmingly large contribution to porosity 
decline compared to diagenesis. This is in keeping with Rarnrn (1992) and Rarnrn & 
Bjorlykke (1994) in studies of Norwegian North Sea Sector sandstones of Triassic to 
Palaeocene age. These authors indicated that at depths 0-2.5 to 3km, porosity trends 
are controlled by the stability of the grain framework and effective stress, empirically 
implying that at these depths it would be unusual to find quantitatively significant 
authigenic cementing phases. The minimum sampling length to approach regional 
porosity gradients begin at 50m (150ft). Sampling lengths smaller than this can give 
varying gradients, both positive and negative, which relate to the large natural variation 
in porosity encountered even when identical facies are sampled throughout a core. 
In Jurassic Brent Group sandstones, the depth at which diagenesis assumes a major 
Control on reservoir quality is around 9000ft, 2.7krn (present day depth), (Giles et al. 
1992). Volumetrically the most important phases are quartz overgrowth and creation 
of secondary porosity resulting from feldspar dissolution with resultant kaolinite 
precipitation. None of these effects are peculiar to the Brent, all are seen in the 
Palaeocene but with substantially lesser volumes. These same processes of diagenesis 
have affected the Palaeocene sands at 1.5 to 2.7krn (6200ft to 9000ft) but with much 
less effect. 
~9 Regional trends: comparison with published porosity depth trends. 
These trends of porosity decline with depth for the Palaeocene are compared to 
Published values derived from electric log and core information 
i) comparison with empirical curves (Baldwin & Butler 1985; Sclater & Christie 1980; 
Scherer 1987) 
ii) Comparison with Brent Group and North Sea data 
5.9.1 Comparison with empirical compaction curves 
Individual wells are superimposed upon Sclater & Christie (1980) and Scherer (1987) 
empirical porosity depth curves Figure 5.17. 
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, The well known empirical sandstone compaction curve by Sclater & Christie (1980) is-
based upon decompaction curves from 8 wells from the Central Graben, North Sea 
(Sclater & Christie 1980), and porosities from early exploration wells (Selley 1978). 
Selley (1978) appeared to generate a Palaeocene porosity gradient from two data 
points, namely Forties and Montrose. (The Baldwin & Butler (198S) curve is the 
logarithmic equivalent ofSclater & Christie's (1980) exponential curve). 
Wells closely match the Sclater & Christie curve within 2.S% porosity error bars until 
8000ft (2.4km) where predicted porosities are up to S% higher than actual values. As 
lithO-facies do not change this must be a real compactional effect. Therefore the . 
Sclater & Christie curve does not hold and does not provide an accurate template for 
Porosity prediction for Central North Sea Palaeocene sandstones. 
Scherer'S (1987) model is based on analysis of 428 Shell oilfields. A series of 
predicted porosities for sandstones of different ages (Mid Ordovician to Pliocene) and 
burial depths (1 OOOm to SOOOm) was produced using computer modeling programs. 
The model predicts the opposite from Sclater & Christie (1980), lower than real values 
for shallow wells but more accurate values for wells >8000ft (2.4km). Scherer 
indicated that porosity decline is linear from 500 to SOOOm(16S0ft to 16S00ft) burial. 
McBride et al. (1991) study of Texas Gulf Coast sandstones showed that porosity 
declined rapidly until around 1200m burial. From burial depths deeper than 1200m 
there is a smaller but steady decline in porosity. Palmer & Barton (1987) indicate that 
rapid porosity decline from grain rearrangement takes place up to SOOm burial (47.2% 
to 3S.6%). An experiment by Kurkjy (1987) indicated a linear porosity decline by 
mechanical deformation as pressure increased from IS00 to SOOOpsi (equivalent to 
3,000ft-l0,000ft, 900m to 3.03km burial). It is interesting to note the subparallel 
trends ofFGS, FMH and FBB Figure 5.18, are not coincident with each other but 
maintain porosity differences between them. The cause for the rapid decline of 
Porosities within the ECG is uncertain and could be due to a) decrease in sorting but 
same facies or b) diagenetic effects. 
5.9.2 Comparison with North Sea compaction curves 
Regional trends for FGS, FBB and FMH are close to established porosity declines. 
ECG rate of decline is particularly rapid. 
In the most comprehensive Brent Group study, Giles et al. (1992) found that there is a 
smooth decrease of porosity (on a macroscopic scale) with burial depth, and implies 
that exponential porosity declines are 'straightened out' by diagenetic effects and 
ma~tained by continuing diagenesis. Although major changes in porosity take place 
(qUartz cementation >S% at depths >9000ft (2.7km), and gradual dissolution of 
feldspars) no apparent discrepancy between Brent and Palaeocene porosity declines 
(except for ECG) is seen, Figure S.18. Most porosity decline rates (Loucks et al. 
1984; Giles et al. 1992; Harris 1992) do not show any distinct change with depth 
although major mineralogical and cementation changes are known to occur around 
9000ft, 2.7km depth. 
Emery et al. (1993), found that there is wide variation between individual Mesozoic 
Oilfield porosity trends from the Northern North Sea. Some follow standard trends 6-
9%/km (1.8- 2.7%11000ft) while in others porosities decline at a higher rate 20%1km 
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. (6.1%/1 OOOft). Porosity values on structural crests correspond closely to porosities . 
that would be predicted from sandstone compaction curves (Sclater & Christie 1980). 
In the Magnus field, the decline in porosity was matched to result of enhanced quartz 
cementation within deeper sands. This happened because quartz diagenesis was co-
genetic with oil migration. Oil filled the trap and gradually slowed down cementation. 
Ramm & Bjorlykke (1994) produced linear declines for the Central North Sea, North 
and South Viking Graben and the Haltenbanken Basin. Sandstones in their study 
ranged from deep marine Tertiary Heimdal Formation, to fluvial and marine sandstones 
of the Jurassic to Triassic Skagerak Formation. They chose 75th percentile values 
porosities and permeabilities of 260 lithostratigraphic units/members greater than 10m 
thick. These closely match Palaeocene curves except for ECG. When their data 
(Ramm & Bjorlykke 1994) from regions are combined it is apparent that at depths 
greater than 2500m (8200ft) actual values for depth intervals less than lkm thick 
decline at higher rates than gross trends. This is explained as pressure-solution and 
quartz cementation processes becoming important at 2.5km. Overpressuring was 
important for preserving high porosities where pressure approached litho static 
gradients. Both Emery et al. (1993) and Ramm & Bjorlykke (1994) indicate that 
2.5km burial depth represents a significant depth where quartz cementation resulting 
from pressure solution starts to become significant and form significant volumes. 
Although no samples for thin-sectioning from the deep ECG were taken within this 
study it is apparent from point-count data from Palaeocene well reports that quartz 
Overgrowths begins to take up to 5% volume at depths 8500ft (2.6km) present day 
burial depth Figure 5.19. It is concluded that it is likely that the ECG porosity decline 
is high as a result oflocal pressure solution. These sample ECG wells are also directly 
associated with salt diapirism and enhanced quartz cementation and decline in porosity 
may be related to enhanced heat transfer from conductive salt diapirs accelerating the 
process of pressure solution. An insufficient range of depths has been sampled to 
ascertain if this ECG trend continues deeper. 
~10 Conclusions 
1) Porosity and permeability within massively-bedded sandstones are influenced by 
fluid escape dish-and-pillar structures. These form distinctive bows of poroperm 
representing channels on a 5- 30m scale. From visual analysis of many composite 
logs, carbonate concretions preferentially precipitated within dish-and-pillar structure 
zones. 
2) Porosity trends match the Sclater & Christie (1980) empirical compaction curve 
llntil8000ft, 2.4km where actual porosities are up to 5% lower. 
3) Porosity trends for the Fladen Ground Spur, Fisher Bank Basin and Forties 
Montrose High are similar to general Brent Group and Norwegian Sector sandstones 
porosity declines. 
4) The porosity trend for East Central Graben is similar to published fields specific high 
declines in Mesozoic Northern North Sea sandstones resulting from quartz 
cementation. Further petrographic analysis of deep East Central Graben cores would 
need to be undertaken to confirm that individual rapid porosity declines in Montrose 
Group sandstones in this region result from similar processes. 
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5) Porosity decline measurements from a single well to be representative of regional 
porosity declines must be sampled from uniform facies, over core lengths greater than 
the thickness of depositional units. For the Montrose Group such cores would be 
greater than 150feet. 
6) Palaeocene quartz overgrowths volumes form less than 5%BV at depths 1.9 to 
3.1km; this is within the range of Brent Group cements at similar depths. 
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) Figure captions 
Figure 5.1 Location map of Central North Sea sample wells with base Cretaceous 
structural elements. 
Figure 5.2 Lithostratigraphy from Deegan & Scull (1977) 
Figure 5.3 Burial history curves for regions based on Barnard & Bastow (1991) 
Figure 5.4 Composite log, porosity and permeability logs of well 16/21-20. Illustrates 
bows apparent in poroperm with depth, subtly reflected in gamma-ray trace. 'Bows' are 
illustrated with arrows. 
Figure 5.5 Composite log, permeability and porosity logs of well 15/25-2. 'Bows' 
apparent on permeability and porosity logs are not identified on the gamma-ray log. 
'Bows' are illustrated by arrows on the right. 
Figure 5.6 Composite porosity and permeability logs of well 16/29-S. Illustrates two 
distinct bows within the Andrew Formation not identified on the gamma-ray log. 
'Bows' are illustrated on the right by arrows 
Figure 5.7 Composite, porosity and permeability logs of well 15/26-3. Cemented 
horizons as picked out on sonic logs are more prevalent at the tips ofporoperm 'bows'. 
'Bows' are illustrated by arrows on the left. 
Figure 5.S Well 16/2S-6 illustrating massive sands and the relationship between dish 
structures and poroperm variations. 
Figure 5.9 Graph of porosity and carbonate cements across a concretion. Variation in 
porosity where there is no carbonate must relate to other factors than calcite 
precipitation. 
Figure 5.10 Porosity-permeability cross-plots of regional areas. Areas a, represent data 
defined by 'blocky' facies, areas b, represent subordinate facies, and areas c, represent 
carbonate cemented horizons. 
Figure 5.11 Porosity-permeability cross-plots of regional areas. Data selected is 
'blocky' facies identified from composite logs. 
Figure 5.12 Statistical data plots concerning porosity decline variations. 
Figure 5.13 Cross plots illustrating relationships between sampled core length and 
porosity decline. Longer cores (> 100ft, 30.5m) porosity decline rates are more likely 
to move towards zero than short cores which have a broad range of porosity decline 
rates. 
Figure 5.14 Cartoon sedimentary logs illustrating relationship between thickness of 
amalgamated units and uniform-spaced sampling strategy. Sedimentary units are more 
likely to be identified if sampling spacing considers unit thickness. 
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Figure 5.15 Housnecht diagram. Four wells data plotted onto intergranular volume 
cross-plot illustrates that mechanical compaction has had an overwhelming 
contribution to porosity loss within Montrose Group sandstones. 
Figure 5.16 Point-count data of authigenic cements plotted against depth show that 
volumes do not increase down well Authigenic cements do not affect single wells 
porosity decline rates. 
Figure 5.17 Porosity depth trends for individual wells compared with Sclater & 
Christie (1980) and Scherer's (1987) empirical porosity-depth curves. 
Figure 5.18 Regional porosity declines for Montrose Group sandstones compared with 
Norwegian Shelf sandstones (Ramm & Bjorlykke 1994), Brent Group sandstones 
(Giles et at, 1992; Harris 1992) and Texas Gulf Coast Tertiary sandstones (Loucks et 
al, 1984). 
~'C $""·1"'\ ~l6'c: j , u..k 1. .N4J~,.,w~ V. ~"'- 11...-.r"""''' 
~~ ~ a.~-.ra1..~ u..H ~ '-t '" • ~u..r\:::.~ "..(,k. 
Chapter 5 Porosity and permeability characteristics of the Palaeocene clastic sequence 5.21 
Tables 
Table 5.1 Sample wells included in poroperm study. 
Fladen Ground Spur 
15/19-2 15/20-4 15/2-5 15/20-7 15/25-2 
16/16-1 16/21-1 16/21-6 16/21-20 16/22-4 
Fisher Bank Basin 
16/27-1 16/28-6 
22/3-2 22/3-3 
East Central Graben 
21/9-1 21/9-2 
22/6-2 22/12-6 
Forties Montrose High 
16/29-2 
22/5-10 
21/10-1 
22/17-4 
22/9-3 22/9-4 22/10-3 
22/15-2 22/20-3 23/11-2 
The wells below are outwith these areas 
14/13-3 15/26-3 15/26-4 
21/16-6 
16/29-4 
21/10-4 
22/18-3 
22/14-1 
23/16-4 
16/23-4 
16/29-8 
21/10-5 
22/14-2 
21/1-15 
Table 5.2 Wells sampled for thin-section petrography 
14/13-3 
16/29-2 
15/20-4 
21/10-1 
15/26-3 
22/20-3 
15/26-4 
22/17T-4 
16/28-6 
Table 5.3 Poroperm 'bows' within sample wells. Permeability 
variations are more sensitive to reservoir quality. 
Wells Length of bow oHelium Porosity (%) 
15/20-4 5m 26-30 
15/25-2 
15/26-3 
16/21-1 
16/21-20' 
16/28-6 
16/29-2 
5m 20-25 
6m 20-25 
5m 26-30 
2.sm 25-28 
10m no variation 
4m 
4m 
4m 
2m 
2m 
10m 
4m 
3m 
3m 
6m 
6m 
6m 
2 
3m 
7.5m 
4.5m 
no variation 
no variation 
25-27 
23-28 
24-26 
24-28 
24-29 
23-26 
23-26 
15-20 
22-26 
22-28 
no variation 
28-32 
20-26 
22-28 
oPermeability (mD) 
500-1000 
400-3000 
350-2000 
500-600 
350-1000 
400-1050 
400-1000 
800-1000 
700-1050 
50-250 
15-100 
15-30 
700-3000 
500-1000 
450-800 
50-400 
200-650 
350-1050 
300-600 
350-1000 
70-600 
60-300 
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16/29-8 9m 15-27 45-1050 
8.5m 15-27 28-350 
21/10-5 6m no variation 400-1050 
6m 26-33 400-1050 
22/3-2 6m 22-25 0.4-10 
22/9-3 lO.5m 20-27 11-150 
22/10-3 8.5m 1.5-35 15-21 
22/17-4 3m 22-24 40-100 
6m 19-27 1-800 
Table 5.4 Point count data from well 15/26-3 
Sample carbonate porosity Q:F:L 
1890.6m 0% 27% 88:8:3 
1891m 0% 21.6% 93:5:2 
1895.18m 42.4% 0% 83:11:6 
1900.75m 0% 18.2% 91:5:4 
1904.7m 0% 25% 90:9.5:1.5 
Table 5.5 Poroperm variations relating to the presence of fluid 
escape dish-and-pillar structures 
Well Cored depth (m) Permeability (mD) Helium Porosity (%) 
20-25 15/20-4 1983-1992 400-3000 
2002-2011 350-2000 20-25 
16/28-6 2705-2735 50-400 15-20 
no dish structures 2627-2639 200-300 18-19 
Table 5.6 
FGG Well Cored Length Data points <p-Ioss /1000' % significant 
(feet) 
15/19-2 5924-5948 18 85.51 95-99 
15/20-4 6475-6620 78 0.82 <80 
15/20-5 6375-6410 30 -6.34 <80 
6500-6552 
15/20-7 6455-6490 27 13.35 <80 
15/25-2 7150-7350 102 0.61 <80 
16/16-1 7385-7425 30 24.97 <80 
16/21-6 7020-7048 26 -86.39 <80 
16/21-20 7270-7370 68 20.02 99-99.9 
16/23-4 8265-8309 33 -51.03 99-99.9 
FBB 16/28-6 8560-8980 236 5.61 99.9 
16/29-2 8645-8825 108 0.34 <80 
16/29-4 9110-9142 32 0.65 <80 
22/3-2 8400-8465 72 16.2 90-95 
22/3-3 8412-8494 41 -4.76 <80 
22/5-10 9160-9185 11 13.14 99-99.9 
9242-9267 
ECG 22/8-3 8686-8718 27 48.80 90-95 
22/9-3 8545-8680 67 1.13 <80 
22/9-4 8550-8830 25 1.25 <80 
22/10-3 8959-9008 49 4.97 <80 
22/14-2 8710-8752 20 5.59 <80 
22/20-3 8845-8930 47 -36.40 99-99.9 
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FMH 21/9-1 7296-7336 24 181.25 99.9 
21/9-2 6984-7009 17 90.29 90-95 
21/9-4 7420-7447 26 <80 
21/10-1 7085-7123 31 12.60 <80 
21/10-5 7262-7395 116 22.25 99-99.9 
22/17-4 10065-10280 149 11.22 99.9 
22/18-3 8785-8845 47 38.23 95-99 
Table 5.7 Point count volumes of cement and porosity 
Well Depth (m) Cement(%) Porosity (%) 
16/28-6 2585.8 6.6000 19.400 
2585.9 6.0000 18.800 
2586.0 6.4000 20.000 
2598.7 4.0000 16.200 
2615.1 3.4400 16.700 
2631.2 4.0000 11.200 
2645.4 ··6.0000 15.400 
2645.5 3.2000 16.400 
2660.2 3.0000 13.600 
2675.7 5.8000 16.800 
2683.3 5.2000 16.800 
2689.7 2.2000 14.400 
2705.7 5.4000 14.000 
2720.5 3.4000 15.600 
2721.2 1.4000 0.0000 
2734.5 4.2000 12.400 
16/29-2 2628.9 1.4000 16.400 
2629.4 1.8000 24.400 
2634.1 1.8000 27.400 
2636.5 1.4000 21.200 
2638.1 2.0000 20.200 
2642.0 2.0000 16.200 
2648.4 5.6000 18.200 
2650.8 1.8000 20.880 
2654.8 1.6000 19.000 
2657.9 2.6000 13.200 
2663.9 2.2000 11.400 
2666.4 0.60000 1.2000 
2673.7 2.6000 21.400 
2678.3 2.0000 15.200 
2685.4 9.2000 12.400 
21/10-1 2153.4 6.0000 11.800 
2155.7 2.8000 7.4000 
2158.2 4.4000 7.6000 
2161.9 1.4000 23.600 
2165.3 3.2000 23.400 
2165.4 3.4000 17.800 
2166.5 1.2000 19.000 
2169.0 7.4000 5.0000 
2238.1 2.4000 24.200 
2242.4 1.2000 0.20000 
2244.8 2.2000 22.200 
2248.5 3.4000 23.000 
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2253.1 3.4000 21.600 
22/17-4 2667.0 9.4000 6.6000 
2667.3 5.8000 2.2000 
2667.6 5.6000 12.400 
2669.8 6.6000 16.600 
2671.6 5.0000 15.000 
2673.4 5.0000 18.800 
2675.0 7.6000 15.800 
2678.3 6.2000 22.600 
2707.0 2.6000 20.200 
2708.2 2.6000 22.700 
2709.1 2.8000 12.000 
2714.9 2.6000 21.000 
2716.1 1.4000 23.600 
2718.5 3.2000 20.400 
2726.4 2.0000 21.400 
2723.4 2.6000 23.400 
2768.6 1.6000 27.800 
2771.3 14.200 8.2000 
2775.2 2.8000 23.400 
2777.9 3.4000 20.400 
2781.3 1.2000 20.200 
2784.1 4.8000 20.400 
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Figure 5.1 Central North Sea location map for sample wells 
with base-Cretaceous structural elements 
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Figure 5.9 Graph of porosity and carbonate across a concretion. 
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other factors than calcite dissolution. 
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CHAPTER 6: COMPARISON OF DIAGENESIS BETWEEN LOWER 
PALAEOCENE AND THE BRENT GROUP SANDSTONES, NORTH SEA, 
UK 
6.1 Abstract 
Palaeocene Montrose Group cores from the Central North Sea have been sampled 
and results have been compared to northern North Sea Brent Group data. For both 
sandstones; authigenic pyrite, micro dolomite, quartz precipitation, and illitization of 
kaolinite are primarily controlled by burial depth; while authigenic kaolinite 
precipitation, calcite cementation are primarily controlled by pore-fluid changes. 
Enhanced quartz cementation is related to salt-diapirs and may be related to higher 
temperature resulting from salt high thermal conductivity or upwards migration of . 
silica precipitating fluids from underlying sedimentary units. 
Quartz cementation increases significantly at 2590m (8500ft) within Montrose Group 
sands and at 2740m (9000ft) within the Brent Group. Calcite cement origin is varied 
within both sandstones. Volumes of diagenetic kaolinite in Brent are much higher than 
Palaeocene except where delta progradation took place over shallow buried Montrose 
Group. Post-depositional meteoric flushing within Brent Group sandstones, recorded 
by the high volume of authigenic kaolinite can be ascribed to Montrose Group 
sandstones where kaolinite volumes are high. Where meteoric water influx is thought 
to have occurred to a lesser extent then kaolinite volumes are low. Secondary 
porosity forms a minor component within the Palaeocene. Fibrous illite begins to 
precipitate at depths greater than 2590m (8500ft) within the Palaeocene, a similar 
depth to the Brent. 
6.2 Introduction 
6.2.1 General information 
Within the past 15 years over 30 papers have been published relating to the diagenesis 
of the mid-Jurassic Brent Group in the Northern North Sea (Figure 6.1) e.g. 
(Scotchman et al. 1987; Giles et al. 1992; Glasmann 1992; Haszeldine et al. 1992). 
The Brent Group, one of the most productive reservoir horizons within the North 
Sea, is often cored from between 2438m (8000ft) and 3810m (12,500ft)(Giles et al. 
1992), where traps are present in tilted fault blocks. The vast quantity of data 
generated from core analysis has provided geologists with an opportunity to try and 
test their theories regarding processes of diagenesis. However, the mid- Jurassic at 
depths shallower than 2438m (8000ft) is rarely cored, (Gluyas & Coleman 1992; 
Osborne 1994) which results in uncertainty concerning shallow diagenetic processes 
within the North Sea basin. 
This study examines core, poroperm data and rock samples from the Palaeocene 
clastic Montrose Group sandstones from 730m (2400ft) to 2743m (9000ft). This 
provides an opportunity to compare and contrast paragenetic sequences at similar 
depths with North Sea Middle Jurassic Brent sandstones, and also to examine 
diagenetic processes which have occurred at shallower depths. 
The Palaeocene Montrose Group, although comparable to the Brent Group in terms 
of hydrocarbon resources, has not been studied diagenetically in similar detail until 
recently (Stewart et al. 1993; Watson 1993). This results from the relatively small 
effects that diagenesis has had on reservoir properties. However the increasing 
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importance of Palaeogene reservoirs in North Sea exploration and production should 
result in an increase in such studies. A regional study of the Palaeocene sandstones 
provides geologists with a contro~ to compare paragenetic schemes of proposed 
shallow/early Brent Group diagenesis. 
6.2.2 Location 
The Palaeocene clastic sequence subcrops extensively within the central North Sea 
and the flanks of the Viking Graben, Figure 6.1, 6.2. The Brent Group subcrops 
within the northern North Sea. Palaeocene sandstones are predominantly cored within 
the depth interval 1829m (6000ft) to 2743m (9000ft), while the Brent is cored 
generally between 2591m (8500ft) to 3810m (12,500ft) (Giles et al. 1992) though 
shallower cores for each interval do exist. 
Montrose Group stratigraphy is initially based upon lithostratigraphy (Figure 6.3, 
6.4). Deegan & Scull's (1977) terminology will be used in this paper. The 
biostratigraphic subdivision of the clastic sequence is hindered by the lack of 
microfossils, a consequence of the sand-rich nature of the sediments. This has been 
the recent focus of much debate (Mudge & Copestake 1992; Den Hartog Jager et al. 
1993). The Montrose Group has been divided into three Formations (Maureen, 
Andrew and Forties Formations) which represent regional clastic aprons sourced from 
the East Shetland Platform and the Scottish Highland (Morton et al. 1993) arid laid 
down in the Central North Sea, Figure 6.2. The sands were deposited in a subsiding 
basin and the three Formations represent second order changes in sea level resulting 
from three phases of uplift on the Scottish mainland and the East Shetland Platform 
(Deegan & Scull 1977; Stewart 1987). Underlying the Montrose Group is a 
Cretaceous sequence of chalks and chalk-rich sands. Within the Outer Moray Firth, 
the Montrose Group was succeeded by the Moray Group (Deegan & Scull 1977), a 
major deltaic complex which prograded over the Montrose sediments within the 
Moray Firth. The eastward limit of progradation is defined by the limit of coals 
deposited on top of the deltaic pile (Timbrell et a1. 1993). Within the Central North 
Sea overlying the Montrose Group is a thick sequence of Tertiary marine mudstones. 
6.2.3 Sedimentology 
Sandstones were laid down by high-density turbidites sourced from the Scottish 
mainland (Rochow 1981). The underlying Maureen Formation contains resedimented 
chalk clasts. The main sandbody, the Andrew Formation, up to 700m thick (Den 
Hartog Jager et al. 1993), has a very high overall sand:mud ratio and was deposited 
within frequently meandering channel complexes (Den Hartog Jager et aI. 1993). The 
lack of mud precluded stable levee banks constraining flow and so breaches in sand 
levee led to frequently migrating channels. The overlying Forties Formation, though 
only a'mud with thin sandstone stringers in the Witch Ground Graben and Fisher 
Bank Basin, is up to 400m (1310ft) thick (Den Hartog Jager et aI. 1993) in the Forties 
Montrose High area. Here overall sand:mud ratios decline enough for the formation 
of stable levee banks (Den Hartog Jager et aI. 1993). Channel systems here were 3km 
wide and contain sandstones, encased in mudrock. 
The dominant facies throughout the Montrose Group is massive sandstone resulting 
from the rapid deposition of high density turbidites. Other facies are thin bedded 
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sandstones and mudstones and muddy siltstones (Carman & Young 1974). The 
massive facies frequently makes over 80% of the cored clastic sequence. 
Under petrographic examination, the massive sandstones consist of amalgamated beds 
of very fine to medium grained, poorly to moderately sorted sandstones. A pebbly lag 
is sometimes observed at the base of units. The sandstones vary from sublitharenites 
to litharenites. Lithic clasts, mainly schistose quartzites, reflect one ultimate 
provenance area i.e. Scottish Highland metamorphics. Occasionally some beds have a 
volcaniclastic component of basalt and volcanic glass. This deposit is frequently 
weathered, or diagenetically altered to clay. The detrital mud component is generally 
<5%. 
6.3 Methodology 
Eleven wells were sampled for petrographic and isotopic analyses from across the 
Central North Sea Figure 6.2. Wells were chosen to cover the study area as evenly 
as possible. Blue-stained epoxy- resin-impregnated thin-sections were made from 
core stubs. The slides were stained to identify carbonates with methods similar to 
Dickson (1965). The slides were examined under a petrographic microscope and 
point-counted (500 points per slide) to quantify detrital and diagenetic minerals. 
Rock stubs were examined by scanning electron microscope to observe the habit and 
morphology of diagenetic minerals. Back-scattered electron image analysis of 
polished thin-sections was used for major element analysis of authigenic phases. 
Mineral separation was carried out for authigenic carbonate and kaolinite. Carbonate 
samples were crushed and purified by heavy mineral and magnetic separation. Purity 
was checked by X-ray diffraction. For small core-plug specimens whole-rock crushed 
samples were used. Strontium analysis of authigenic carbonates follows the methods 
outlined by Smalley et al. (1992) 
Clay extraction follows the method of Jackson (1979); disaggregation of the rock, 
separation of the clay fraction, oxidation of organic material, deflocculation of the 
clays and separation into size fractions by settling and centrifugation. The 2-5J.1IIl and 
5-10J..lm size fractions were selected for isotope analyses on the basis of a high 
kaolinite percentage estimated from X-ray Diffraction (XRD) analyses and visually by 
SEM. XRD traces of kaolinite and dickite standards were used to test for the 
presence of dickite. XRD traces indicated that most samples had less than 5% quartz 
contaminant. Rarely, samples were contaminated with 10% quartz but the measured 
isotope values have not been corrected for impurities. Oxygen isotopic analysis 
follows the method of Clayton & Mayeda (1963), and hydrogen analysis follows the 
method ofBiegelman et at (1952). All isotopic data are presented in per mil values 
with respect to Standard Mean Ocean Water (SMOW). The analytical error of 
laboratory standard BD and B180 values was 5%0 and 0.3%0 (2a) respectively. 
6.S Diagenesis 
Sample well depths range from 732m (2400ft) to 2743m (9000ft) from across the 
central North Sea Paragenetic sequences can broadly be divided into early and late 
diagenesis, Figure 6.S. Overall volumes of diagenetic minerals are small outwith 
concretionary horizons and volumes are rarely >5%. The paragenetic sequence is 
broadly similar amongst wells. 
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Early diagenetic alterations consist of microcrystalline dolomite, pyrite, authigenic 
chlorite, micro quartz, smectite resulting from K- feldspar dissolution, illite 
transformation from detrital illite- smectite, K-feldspar overgrowths, early calcite 
concretions, vermiform kaolinite and very thin quartz overgrowths. Late diagenesis 
consists of; albite overgrowths, minor dissolution of earlier concretions, blocky 
kaolinite, quartz overgrowths, illite and later carbonate concretions. 
The major differences between wells relates to vermiform kaolinite and concretionary 
carbonates. Particularly large volumes of kaolinite cement are present within wells 
15/26-3 and 15/26-4. 
Compared with Jurassic sandstones (Giles et al. 1992; Glasmann 1992; Osborne 
1994) Figure 6.6, the most obvious differences are in the larger volumes of kaolinite 
present (up to 22%bv) within shallow Jurassic sandstones at similar burial depths. 
6.5.1 Pyrite 
Pyrite is found with three habits: 
i) small aggregates offramboids (each framboid <5J,1m), most often associated with 
detrital organic material and authigenic dolomite. In this case, the relationship with 
texturally early dolomite indicates that pyrite is likely to have precipitated as a result 
of sulphate reduction. 
ii) Single framboids associated with the dissolution ofNa-feldspar. Within secondary 
porosity created by the preferential dissolution of albite twins, pyrite is found. Unless 
feldspars were skeletal during deposition pyrite precipitation must post-date 
dissolution offeldspars. This implies that precipitation below the sulphate reduction 
zone. The source of sulphur for such pyrite is unknown. 
iii) Rimming secondary pores created by the dissolution of detrital Fe-Mg minerals. 
This pyrite probably post-dates sulphate reduction as secondary pores maintain their 
shape implying that the rock matrix had ceased rapid compaction due to partial 
cementation. 
6.5.2 Mn-calcite 
Within well 15/20-4 is a concretionary layer 50cm (l996.5Om cored depth) thick 
within a 1m mudstone layer. The central zone of the concretion is composed of 
rhodochrosite spherules (10J.1ffi in diameter) outlining burrows and trace fossils within 
an 15cm Mn-calcite concretion, Figure 6.7. Outwith the Mn-calcite are 15cm 
thickness of thin 1-2mm calcite cement layers interbedded with muds forming cone-in-
cone structures. Point-count volumes of cement are >90% and the preservation of 
delicate trace fossils suggests that the concretions represent a syngenetic hard-ground 
similar to those found by Lallier-Verges & Alberic (1989). Isotopic analysis of the 
Mn-calcite concretion indicates that sulphate reduction was the method of carbonate 
precipitation, 013C=-25 to -18%oPDB, Figure 6.8, Table 6.1. 0180 values around-
26%oPDB indicate precipitation at acceptable temperatures of 28°C within Palaeocene 
marine porewater. Precipitation within early Tertiary meteoric waters give non-
sensical precipitation temperatures below O°C. 
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6.5.3 Microdolomite 
Within most wells micro dolomite clusters a few microns across occur. These are 
associated with organic detritus and framboidal pyrite. They never comprise more 
than 1 % of rock volume. Microdolomite is seen enclosed within calcite concretions 
and therefore likely precipitated before calcite growth, within the sulphate reduction 
zone. 
6.5.4 Chlorite 
Chlorite is found in restricted horizons containing detrital tuffaceous deposits. 
Chlorite coats detrital grains, perhaps precluding quartz overgrowth fonnation, 
Figure 6.9. Cored samples from 15/18-5 and 15/20-4 in which chlorite has 
precipitated are particularly friable compared with the rest of the core. The 
abundance of chlorite is less than 2% within these wells, but has a marked effect upon 
rock properties reducing permeabilities 10 times lower than expected values, see 
Chapter 5. 0180 of chlorite separates (0180 =12.7 to 16.0o/ooSMOW) indicates that 
chlorite likely precipitated from cool (less than 20°C) marine waters Figure 6.10, 
Table 6.2. 
6.S.5 Microquartz 
In many wells, an early silica supersaturation resulted in micro quartz crystallites, 
Figure 6.11. These crystals did not precipitate on the detrital grains but are associated 
with detrital clay. Such quartz could be associated with silica-releasing reactions such 
as smectite to illite reactions, K-feldspar dissolution or volcanic glass dissolution. The 
nucleation of quartz at many sites suggests rapid precipitation from supersaturated 
fluids. Bjorlykke et ale (1992) would suggest that such quartz originates from original 
chalcedony recrystallising. 
6.5.6 Illite-smectite to illite. 
Detrital clays smeared on grain surfaces have a boxwork habit perpendicular to grain 
surfaces, Figure 6.12. Back-scattered electron images suggest such detrital clays are 
rich in iron indicating a chloritic component. 'Transfonnation of detrital clay to 
boxwork habit appears to have been early as boxwork crystals predate concretion 
fonnation in wells 15/20-4 and also underly quartz overgrowths in this well. The 
boxwork habit of smectite is attributed to very early in-situ alteration or derivation by 
weathering of volcanic ash, high inputs of which are associated with rifting in the 
North Atlantic during the late-Cretaceous to early Tertiary. 
Illite-smectite transfonnation has been noted as being coincidental with the 
Palaeocene-Eocene boundary within the Central North Sea (Pearson & Small 1988). 
These authors infer that transfonnation occurred as a result of a Tertiary thermal 
event. Illitisation releases silica and takes up AI and K. Dissolution ofK-feldspar 
could probably the main source ofK and AI. 
Smectite + AI 3+ + K+ = illite + Si4+ (Hower et al. 1976) 
Rock temperature exceeding 90°C is thought to be a fundamental control on 
illitisation as well as controlling the supply of dissolution to provide solutes (Hower et 
ale 1976). However calculated temperatures through time (Pearson & Sma1l1988) 
indicate that present day burial up to 2400m results in no increase in maximum burial 
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temperatures since Palaeocene- Eocene boundary. Therefore, we must infer that this 
transformation of smectite to illite was supposed to have taken place after several 
hundred metres burial but not more than llan. This would imply temperature 
gradients of more than 90°C/km. Such temperature gradients are difficult to conceive 
as hot- spring activity must have taken place to transport heat vertically in the basin 
by fluid motion. Consequently the hypothesis of temperature-driven illitisation is 
rejected. This illite is inferred to have grown by early diagenetic dissolution of 
unstable volcaniclastic debris, restricted to specific depositiona1layers (Dypvik: 1983). 
6.5.9 K-feldspar Overgrowths 
K-feldspar has precipitated on detrital K-feldspars and on albite grains. Precipitation 
surfaces were clean of detrital clay. Dissolution of detrital K-feldspar often dissolved 
before dissolution ofK-feldspar overgrowths, Figure 6.13. Quartz overgrowths from 
adjacent grains are seen to surround K-feldspar overgrowths, showing that K-feldspar 
overgrowth predates quartz overgrowths. 
These K-feldspar overgrowths occur only as trace volumes to 0.8%BV. Volumes do 
not increase with depth. This is interpreted to indicate that precipitation is a shallow 
diagenetic phenomenon. Source of overgrowths is likely to be dissolution of previous 
K- feldspars. 
6.5.7 Concretions 
A common feature of Palaeocene massive sandstones is the presence of carbonate 
concretions. These are commonly 10's of cm thick. Small concretions appear to be 
oblate ellipsoids, long axes being perpendicular to core length. It is presumed that 
larger concretions are shaped in a similar manner. However concretions are also 
situated within resedimented chalk-rich layers and these are likely to be laterally 
continuous. Concretions within the Forties Formation have been described as 
permeability baftles (Emery & Robinson 1993), indicating that concretions can form 
extensive layers within the Montrose Group. Concretions can make up to 10% of 
core length but' commonly are around 3 to 7% of core length, see Chapters 2 and 3. 
The mineralogical composition of calcite concretions in the Montrose Group ranges 
from Fe-calcite, Mn-calcite, to non-ferroan calcites throughout the Central North Sea, 
see Chapter 2. However a texturally early concretion within well 15/26-3 (1879m) is 
ankeritic in composition. No zoning is seen in any concretion either by 
cathodoluminescence or by back scattered electron imaging. CL colours are a 
uniform dull to medium orange with bright orange patches identifying detrital 
carbonate grains. More luminescent carbonate is also seen associated with skeletal 
feldspars, it is difficult to say whether the feldspars were replaced by carbonate or 
whether calcite precipitated within secondary porosity. 
However on the basis of minus-cement porosity and isotopic compositions 
concretions have been divided up into early (>37% minus-cement porosity) and late 
(e.g. <37% minus-cement porosity). The concretionary calcite cements completely fill 
any porosity and point count volumes of the carbonate are presumed to represent 
porosities during precipitation. 
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Calcite cemented zones within the sands have a wide range of carbon isotopic 
compositions. These can be divided into four general groups 
i) Concretions from wells 15/26-3 and 15/26-4 are isotopically heavy (013C=-20 to 
+ 13 9'ooPDB) and relate to fermentation processes. These concretions precipitated 
within predominantly marine waters at cool temperatures <35°C. 
il) Very negative Ol3C values « -16%oPDB) of concretions from wells 15/20-4 relate 
to oxidation of hydrocarbons. These concretions precipitated within predominantly 
meteoric waters at cool temperatures <35°C. 
iii) In well 14/13-3 negative values Of013C (-12 to -2%oPDB) relate to sulphate 
reduction within cool waters (0180=23 to 27%oSMOW) and a contribution from 
dissolution of detrital calcite (o130-O%oPDB). These concretions precipitated within 
predominantly meteoric waters at cool temperatures. 
iv) Wells with 013C slightly negative to zero values (-9 to +3%oPDB) relating to 
inorganic reactions and chalk debris dissolution (B13C-O%oPDB). These concretions 
precipitated within waters of marine water composition at temperatures greater than 
60°C. 
Calcite cement appears to be located as concretionary cements and not as dispersed 
authigenic grains. Using this information, over on hundred composite logs were 
examined to calculate the amount of concretions present within cores (Chapter 3). 
Concretions are relatively easy to identify from electric logs within the massive sands, 
although small concretions «25cm thickness) would not be easy to identify. 
Percentage of concretions range from 0-10% of sand interval, see Chapter 3. 
6.5.10 Kaolinite 
Authigenic kaolinite in present in two habits 
i) an early ragged vermiform shape 
il) later deeper more blocky form. 
Kaolinite is present in three locations 
I) as a pore filling habit (5-20J.lm), 
il) between splayed muscovite flakes (up to 200J.lm) 
iii) filling secondary pores resulting from the dissolution of feldspars, Figure 6.14. 
Texturally the porefilling kaolinite is seen to intergrown with and be overgrown by 
authigenic quartz. This suggests that these minerals were co-genetic during kaolinite 
precipitation. 
Within deeper wells (7000ft, 2130m), and particularly away from the East Shetland 
Platform, kaolinite precipitation has taken on a more blocky habit. This is generally 
smaller, 5 to lO).lm compared with earlier kaolinite (5 to 20J.lm). This later kaolinite is 
seen to overgrow early verms. 
The kaolinite generally makes less than 5% of the rocks except for two wells where it 
forms up to 12%, wells 15/26-3 and 15/26-4 These two wells contain conspicuously 
more kaolinite than other sampled wells as a result of strong meteoric flow during 
early burial. (fGJufe. ,.15) 
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Isotopic compositions of kaolinite are similar Figure 6.16. Oxygen isotope 25th , 
percentiles is 13.2%oSMOW, 75th percentile is 16.8o/ooSMOW. Hydrogen compositions 
percentiles are 3D=-70%oSMOW (25th percentile) to -55%oSMOW (75th percentile). On 
an interpretative 3D_31S0 cross plot this suggests that kaolinite precipitated from 
fluids of composition 31S0 = -6.5 to -3%oSMOW at temperatures between 43-75°C. 
This would be compatible with mixed meteoric and depositional seawater, Chapter 4. 
6.5.11 Authigenic quartz 
Quartz overgrowth habit is determined by the detrital clay content of the sands. 
Where sands have low detrital clay content and grain surfaces are clay-free, small 
incipient quartz has precipitated, Figure 6.17. Detrital clay coatings hinder 
precipitation and overgrowths take on a more blocky nature and grow over and above 
clay smeared surfaces. 
Point counting of quartz overgrowths is hindered by the presence of reworked 
overgrowths and the lack of detrital mud in sands to provide clear dust rims Point 
counts are likely to be underestimates. Provenance studies indicate that sands are 
likely to be reworked Mesozoic sands. The thin reworked overgrowths, identified by 
the presence of double dust rims, and pitted and rounded overgrowths, indicate that 
sandstones were never deeply buried before reworking. Shallow burial of a sandstone 
source for the Montrose Group is suggested by Reynolds (1994), who calculated that 
only approximately 1 km of uplift of the East Shetland Platform, the primary 
provenance area, is required so as to balance the sedimentary input to the Central 
North Sea. 
Point-counted volumes of diagenetic quartz are insignificant «2%) down to 2591m 
(8500ft) Figure 6.18. At greater depths, >2590m (8500ft), authigenic quartz forms 
up to 5% of rock volume. This increase is seen within Block 16/28 in the Fisher Bank 
Basin. In well 23116-4 overgrowths make up more than 5%BV in the East Central 
Graben area at shallower depths (2150m to 2329m) than 2591m. By contrast other 
deep wells such as 16/29-2 (2623m to 2685m) and 22/17-4 (2515m to 2637m) do not 
have comparable volumes of authigenic quartz. In the case of 16/29-2 
microcrystalline quartz may hinder overgrowths and in 22/17-4 illite-smectite coatings 
on clay probably precluded quartz overgrowths. 
Pressure release from underlying overpressured Jurassic sandstones may result in 
quartz cementation from vertically migrating silica-rich fluids (Burley 1993). Palaeo-
leakages of pressure would be more likely adjacent to major Mesozoic fault zones and 
Zechstein salt-domes. Wells 23/16-4 and 22/20-3 are immediately above salt domes 
where intense fracturing in the vicinity has been observed on seismic sections (Foster 
& Rattey 1993; Hoilnad et aI. 1993; Platt & Philip 1993). 
The alternative explanation for the link between salt-domes and quartz cement is heat-
flow. Significantly higher heat-flows exist around salt-domes in the Central North Sea 
(Andrews-Speed et al. 1984). If temperature is the controlling factor for silicate 
dissolution, silica transport and precipitation then higher temperatures would increase 
the rate of quartz cementation. Sampled wells in the immediate vicinity of salt domes 
(23/16-4, 22/20-3) have anomolously high percentages of authigenic quartz. Silica 
veining, a feature that may be expected if silica-rich fluids are being transported into 
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the sands were not seen within sample wells and are neither mentioned within the 
literature. Hence enhanced quartz precipitation within Montrose Groups sandstones 
due to higher heat-flows around salt domes is the preferred option over introduction 
of silica-rich fluids. 
6.5.12 Fluid inclusions in authigenic quartz overgrowths 
Fluid inclusions are very small and difficult to observe. Three measurements were 
made on a fluid inclu~ion wafers from well 16/28-6. Homogenisation temperatures 
were 89, 90 and 92°e. These temperatures are close to present-day burial 
temperatures for this well (-900 e). Such high temperatures could indicate that i) fluid 
inclusions have only been formed during recent burial, ii) that the inclusions record a 
thermal event or iii) that the inclusions have been reset during burial. Recent work 
suggests that early irregular shaped inclusions may be reset during burial (Osborne & 
Haszeldine 1993) and this explanation is accepted here. 
6.5.13 Platy/hairy illite 
Platylhairy illite only occurs in sandstones buried deeper than 2500m (>8202ft). The 
habit of this diagenetic clay occurs as illite growing on the edges of dissolving 
kaolinite. Figure 6.19. This cannot be seen petrographically and makes <1 % of the 
rock volume and is only seen by SEM. At these depth detrital illite-smectite coats 
forms a distinctive illitic habit 
6.5.14 Secondary porosity 
Secondary porosity forms 0-12% of rock volume and is usually 0.5%. Because of the 
open framework of the sandstones outsize pores were difficult to interpret, and were 
not counted as secondary porosity unless relict clay rims were seen. There is no 
apparent trend with depth Figure 6.20. Secondary porosity results from the 
dissolution of detritus feldspars and the occasional igneous and lithic clast. Values of 
secondary porosity are fairly consistent and with the exception of wells 15/26-3 and 
15/26-4, do not exceed 5% at any depth. These two wells have more than normal 
secondary porosity. These wells also have higher volumes of kaolinite. The silica and 
aluminium supplying kaolin are inferred to be sourced from the dissolving detrital 
feldspars within a closed system 
6.6 Discussion: Comparison of Montrose Group and Brent Group 
6.6.1 Carbonates 
Isotopic compositional fields of Brent and mid-Jurassic concretions 
are shown in Figure 6.21. 8l3e and 8180 compositions for Brent carbonates are 
highly variable (Giles et al1992). The variety and polygenic origin of many carbonate 
cements within the Brent Group causes difficulty in unravelling the depth relationships 
of the carbonate cement types from petrographic data alone. The discussion will 
therefore concentrate on 813e and 8180 compositions to compare and contrast origins 
of Palaeocene and Brent carbonate cements. 
Within the Brent Group, marine sandstone Formations contain the most authigenic 
carbonate. Giles et aI. (1992) found that the Rannoch Formation shore-face 
sandstones contained the most carbonate cement ( 5% average) whilst Haszeldine et 
aL (1992) found it was the Tarbert Formation. Bjorlykke et al. (1992) in their study of 
Norwegian Sector Brent Group found that the Rannoch and Etive Formations 
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contained the most carbonate cement (up to 7.4% average). The common feature is 
marine facies where detrital shell debris could be anticipated. That carbonate cements 
are dependent 
That carbonate cements are dependent on facies suggests that the cement is derived 
dominantly from biogenic sources or early carbonate cements formed on the sea floor. 
Such a pattern would not be expected if carbonate cement was transported into a 
reservoir from an outside source (Bjorlykke et al1992). However (Haszeldine et al. 
1992) also found significant quantities of cement within the non-marine Ness and 
related this to cross-formational fluid flow. 
Within the Brent, carbonates are found in a variety of forms, as sheetlike layers, e.g. 
Rannoch (Giles et al. 1992), or as isolated concretions. Sheet-like geometries could 
relate to stratified detrital carbonate dissolving out and then precipitating within 
Source sands (Bjorkwn & Walderhaug 1990). Palaeocene sands do not contain 
stratified storm deposits for this manner of depositional sorting of debris. However it 
is likely that sheet-like concretions exist within the lowermost formation, the Maureen 
Formation, as beds often have a basal unit rich in coarse-grained detrital chalk debris. 
Original detrital carbonate in the Maureen Formation, though now not present within 
the massive sands, was likely to have been mostly randomly distributed. However 
fluid escape structures, outlined by detrital fines, are likely to concentrate any 
carbonate fines, microfossils and micas (Lowe 1982). These could have provided 
nucleation points and an initial local source for concretions to precipitate. 
Generally early diagenetic Brent concretions are non-ferroan or weakly ferroan 
calcites, and siderites (Giles et al. 1992) while late diagenetic Brent concretions are 
replacive ferroan calcites and ankerites (Harris 1992). 
Q13C and Q18 compositions 
Early carbonate cements predating kaolinite precipitation within the Brent are 
characterised by 01BO ,.., -6%oPDB with a range of 013C= -30 to -3%oPDB in the Dunlin 
and Cormorant fields (Giles et al. 1992). In Haszeldine et aI. (1992) early carbonates 
are around Ol3C =-12 to +2%oPDB and 01BO from -13 to -6%oPDB. Osborne (1994) 
found that early calcites have 013C = -4 to -1 %oPDB and 01BO = -3 to -4%oPDB. Early 
siderites have 013C of up to +20%oPDB (Giles et aI. 1992). 
Early carbonate cements within the Montrose Group exhibit a similarly wide variation 
in carbon isotopic composition. As with the Palaeocene sandstones, the carbon 
isotopic composition of Brent appear to be strongly related to the depositional 
environment. The negative 013C values within early carbonate cements are presumed 
to be indicative of sulphate reduction and/or oxidation of methane. 
Deeper Brent carbonates are contemporaneous with silica diagenesis and have 013C 
compositions with higher proportions of 13C. Dunlin and Cormorant Field 
concretions have values between -16 to -3%oPDB (Giles et aI. 1992). In the 
Haszeldine et al. (1992) study ofDunlin Field carbonates, 013C values are between-7 
and O%oPDB. The increase in BC is interpreted to reflect the influx of isotopically 
negative carbon related to thermal decarboxylation of organic matter. The slightly 
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more positive values are possibly due to the inclusion of higher proportions of l3C_ 
rich methanogenic bicarbonate, or marine bicarbonate sourced from the dissolution of 
bioclasts. These later carbonates though compositionally different from diagenetically 
late Palaeocene carbonate cement form a very similar grouping to Palaeocene 'late' 
diagenetic carbonates B13C = -10 to +2%oPDB. This suggests that the same processes, 
were responsible for both sets of carbonates. 
Such B180 values found within early Brent carbonates are frequently interpreted as 
recording meteoriclbrackish water during precipitation at less than 40°C. A 
predominantly meteoric composition is favoured for Palaeocene early carbonates at 
similar temperatures, Later Brent Group carbonates have more negative B180 
compositions and are interpreted to have precipitated within brackish waters at higher 
temperatures around 60°C (Haszeldine et al. 1992). For Palaeocene late carbonate, a 
porewater of predominantly marine composition is favoured during precipitation. 
Temperatures of precipitation are assumed to be >60°C. 
Strontium 
Strontium ratios within Brent Group carbonates are particularly radiogenic compared 
to Montrose Group concretions Figure 6.22 (Haszeldine et al. 1992). This 
radiogenic component has been shown to come from the dissolution of detrital silicate 
minerals. Haszeldine et al. (1992) concluded that in the non-marine Ness Formation, 
which is devoid of detrital carbonate, calcite 87Sr/86 Sr ratios required fluid flow to 
transport ions between formations. Concretions from Palaeocene Montrose Group 
sandstones strontium ratios fall into two groups. A ratio similar to Palaeocene shells 
which relate to early concretions, and a ratio which has a radiogenic component which 
relates to late concretions. This source is unknown but the small rise in Sr ratios may 
indicate that the silicate dissolution may be internal rather than due to expulsion of 
fluids from the underlying Jurassic sequence. 
6.6.2 Kaolinite 
Kaolinite forms an important diagenetic phase of the Brent Fields forming 0-23%BV 
Figure 6.15 (6.5% average, Giles et al. 1992; Osborne et al. 1994). Even the 
shallowest cored Jurassic sandstones can contain considerable volumes of kaolinite, 
e.g. Emerald Oilfield (1600m) contains up to 15%BV kaolinite (Osborne et al. 1994). 
Authigenic kaolinite within the Brent has long been recognised to have precipitated in 
two forms (Kantorowicz 1984; Brint 1989) an early vermicular form and a later 
blocky form. The only wells in the present study of Montrose Group which contain 
comparable volumes of kaolinite are wells 15/26-3 and 15/26-4. Their position is 
different in relation to other sampled cores as they are adjacent to predicted 
Palaeocene palaeo shorelines. The limit of progradation ofa late Palaeocene delta-
plain has been identified from overlying lignites in the Moray Group (Timbrell et al. 
1993). This delta prograded over the East Shetland Platform and into the Moray 
Firth in the late Palaeocene. 
Mass balance of kaolinite 
Mass balance calculations by Osborne et al. (1994) indicate that overall bulk volume 
of authigenic kaolinite within Brent sandstones can be precipitated from the 
dissolution of detrital feldspar. Within the Montrose Group, trends with depth for 
Chapter 6 Comparison of diagenesis between Montrose and Brent Group sandstones 6.13 
feldspar or secondary porosity are not apparent. Nor is a clear trend apparent within 
kaolinite percentage with depth. However using the closed system mass balance 
equation from Osborne (1994) it appears that silica has been preserved within the 
Montrose Group sandstones; see Chapter 4. A similar conclusion was noted in the 
shallow Brent sandstones at similar burial depths (Osborne 1994). 
There is a general consensus from oxygen and hydrogen isotopic evidence that 
vermiform kaolinite precipitated within predominantly meteoric pore-fluids at 
moderate temperatures (2S-70°C) (MacAulayet aI. 1994; Osborne 1994) Figure 
6.23,6.24,6.25. The attributed source of the meteoric pore-fluids varies, Figure 
6.26; 
i) Osborne et al. (1994) favour meteoric flushing through the Brent during the 
Palaeocene, sourced from the adjacent East Shetland Platform. The meteoric water 
flowed through the basement and along major graben faults to enter the reservoir 
sandstones. Haszeldine et al. (1992) from isotopic measurements of quartz cements 
suggested wide-scale flushing with meteoric water descending >3km along major 
faults before moving laterally from fault block to fault block. Larter & Horstad 
(1992) proposed easterly flowing meteoric water to explain degradation ofoUs within 
the Gullfaks Field. Though the exact location of the hydraulic head is unknown, flow 
is likely to have occurred within the early Tertiary at the earliest. 
ii) Emery et al. (1990) identified an increase in porosity and increased kaolinite within 
10m of the unconformity surface in the Magnus Field. Meteoric flushing occurred 
during the sub-aerial erosion of the emergent fault block crest. 
iii) MacAulayet al. (1994) using reverse-flexural modelling, found no evidence of 
post-Brent emergence for the Cormorant block. To avoid meteoric water descending 
2km before rising up major faults, these authors suggested that trapped depositional 
meteoric pore- waters had been mixed with compactional marine fluid from 
surrounding muds. 
Montrose meteoric water influx 
Did meteoric water flushing take place within Montrose Group sandstones? As 
Palaeocene sandstones were never sub-aerially exposed, meteoric water most likely 
was introduced by flushing from palaeo-shorelines. Reconstructions of palaeo-
shorelines and the reconstruction of now-eroded landscapes are fraught with 
problems. Palaeobathymetry of the early Tertiary sea ranged from 300m to 800m 
(Knox et al.1981 and Reynolds 1994). Therefore meteoric water would have to 
descend to these depths, plus the burial depth of sands which would have been an 
additional 1 O's to 100's of metres. 
The Montrose Group sandstones are generally well connected by depositional 
geometries within proximal graben axes. Outwith depositional axes and towards 
distal areas, the sand/shale ratios drop and sands were funnelled along leveed channel 
complexes with a resultant drop in connectivity (Den Hartog Jager et al. 1993). 
However these Palaeocene sandstones are not overpressured today (Crawford et al. 
1991), implying a good fluid connection to surface. Also in the distal Maureen Field, 
interbedded mudstones do not restrict flow of oil within the reservoir, also implying 
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good connectivity on a local scale between the sandbodies (Cutts 1991). The distance 
required to flush meteoric water laterally through the Montrose Group is high. 
Meteoric water can travel many kilometres through an aquifer with only a small 
hydraulic head. Smalleyet al. (1994) found that in the 40m thick Lincolnshire 
Limestone with a meteoric water head of only 50m, meteoric water was able to flow 
at least 25km from surface outcrop. Another example of extensive modem day 
meteoric flow is from the coast of Florida where meteoric water flows 120km through 
Tertiary carbonate aquifers (Manheim 1967). The depth of penetration of meteoric 
water can also be considerable, in the Great Artesian Basin of Australia the meteoric 
water lies at depths up to 2000m (HabennahlI980). Thus lateral flow of meteoric 
water for tens of kilometres Within the Montrose Group is feasible. 
During the late Palaeocene delta progradation of the Moray Group, meteoric water 
would have become rich in organic acids if the water percolated through the thick 
peat deposits. This acid may have rapidly been neutralised by the dissolution of 
detrital carbonate and feldspar within the Montrose Group sandstones. Thus such 
acidic pore-water influxes are buffered by the bulk composition of the rock. 
Early Tertiary introduction of meteoric water has been proposed by several other 
authors. Osborne (1994) explained the presence of vermiform kaolinite as the result 
of intense shallow meteoric water flushing into Jurassic sands, 4km from a palaeo-
shoreline. Barnard & Bastow (1992) explained the present day geographical variation 
of degraded hydrocarbons in terms of a Tertiary meteoric flushing period. In the 
Gullfaks Field the east to west increase in degraded oil has been interpreted as a 
Tertiary meteoric water flushing event bringing oxygenated waters into the reservoir 
from the west (Larter & Horstad 1992). In this case meteoric water may have 
travelled 60km eastwards and up to 3km deep through Mesozoic deposits to reach 
Gullfaks. 
Blocky kaolinite has a variety of origins. Precipitation of booklet kaolinite/alteration 
of vermiform kaolinite occurs at 50°C (Osborne et al. 1994), or 80 to 100°C 
(MacAulay et al. 1994). Two opposed types of processes have been envisaged. 
i) According to Hurst & Irwin (1982) kaolinite precipitated in a vermiform manner 
from rapid feldspar dissolution, within cool flowing meteoric water. As temperature 
increased the mineral took on a blocky form with slower precipitation. 
ii) Osborne et al (1994) identified vermiform kaolinite as a consequence oflow 
supersaturation regardless offlow rates but also requiring low feldspar dissolution. 
Consequently, precipitation required nucleation points such as mica surfaces. Blocky 
kaolinite precipitated within highly supersaturated solutions resulting from rapid 
dissolution of feldspars triggered by the decay of oxalate. This is considered to be 
more likely. 
Within deeper Palaeocene wells, kaolinite is predominantly 5-1 OJ.l.lll and blocky in 
nature, though the crystal habit is not as well defined as deep Brent Group blocky 
kaolinite. Blocky kaolinite clearly overgrows vermiform kaolinite in 15/20-4 thus 
post dating it. Thus the processes of Montrose Group kaolin growth are similar to 
those which operated in the Brent Group. 
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6.6.3 Quartz cement 
Quartz fonns an important authigenic phase within the Brent Group sandstones 
fonning up to 0-27%BV and is responsible for most of the porosity loss at depths 
greater than 2740m (9000ft) (Bjorlykke et al. 1992), Figure 6.18. Shallow Brent 
quartz overgrowths form 1-2% of rock volume at 5300-5600' within the Emerald 
Field (Osborne 1994). Within the Brent Group quartz overgrowths form low 
percentages until 2740m (9000ft) (Giles et al. 1992). Below this depth quartz 
overgrowths form an increasingly important authigenic phase up to 27%BV. 
Such low point-counted volumes at shallow depths are consistent with most of the 
Montrose Group Palaeocene sandstones. At 2590m (8500ft) depth in the Palaeocene, 
quartz overgrowths begin to form >2% of rock volume. 
The consistent low volumes «5%) of quartz overgrowths above 2590m (8500ft) in 
the Montrose Group, and 2740m (9000ft) within the Brent Group and the significant 
increase deeper than this, may reflect two processes acting as sources of silica:- a 
shallow source and a deep source. Several sources for available silica during burial 
have been put forward; 
i) dissolution ofK-feldspar at shallow depth. Some feldspar dissolution is apparently 
early as skeletal grains are seen within early concretions. Within the Palaeocene, as in 
the Brent Group, feldspar dissolution resulting in secondary porosity does not 
increase markedly with depth until 2740m, 9000ft (Giles et al. 1992). The lack of 
increase in this feldspar dissolution may result from; 
a) continued compaction of skeletal grains destroying diagnostic secondary porosity 
textures. 
b) one stage dissolution at shallow depth. 
c) errors in point counting are so high that data are only useful to indicate that values 
are small; i.e. are qualitative. 
ii) pressure solution of thin beds of siltstones. As the volume of quartz overgrowths 
in the Brent Group cannot be supplied by the dissolution offeldspars alone (Giles et 
al. 1992), pressure solution of siltstones and shales are proposed as a silica source. 
Silica cannot be transported very far (Giles 1987), and cross formational silica 
transport is not envisaged. Palaeocene sandstone facies are predominantly massively-
bedded and silt stringers are rarely found within cores. Thus, this process may not be 
relevant. 
iii) pressure solution of detrital quartz grains - temperature cannot be held simply 
responsible for quartz overgrowths as Statfjord sandstones at 2.5km burial only has 1· 
3% quartz overgrowths (Bjorlykke et aI. 1992). The Statfjord sandstones are 
however overpressured to equivalent to 1 to I.Skm burial pressure. Quartz 
overgrowths with oil inclusions must require silica to be internally derived as external 
silica would have limited mobility within oil saturated pores (Walderhaug 1990). 
iv) smectite-illite reactions, Smectite-illite to illite transformation releases silica. 
There is little evidence for great volumes of volcanic detritus in Brent sandstones. 
However smectite-illite is locally common as a detrital clay in Palaeocene sands. 
Transformation reactions appear to be taking place during burial in the Montrose 
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Group, as visually from the SEM, the volume ofboxwork habit authigenic illite- . 
smectite increases with depth. The volumes of silica that can be generated from this 
reaction are patently too small to generate more than a fraction of a percent silica as 
detrital clays rarely make more than a few percent of bulk volume. 
v) dissolution of volcanic glass. Volcanic glass shards are preserved within muddy 
sandstones. Dissolution of volcanic detritus is seen within cleaner sands. Dissolution 
is apparent because secondary pores are lined with opaque minerals. This is likely to 
have taken place early during burial of the Montrose Group in restricted horizons and 
may be a source for microquartz. 
vi) dissolution offeldspar by organic acids. Introduction of organic acids from deep 
buried Kimmeridge clays into the Jurassic may have resulted in dissolution of 
feldspars (MacLaughlin et al. 1994). In the Montrose Group, interbedded muds can 
be organic-rich especially within the Forties Formation. Burial of these muds to 
2591m (8500ft) has only recently taken them to temperatures around 90°C. It is 
unlikely that these muds were a local source for organic acids in the geological past. 
In different parts of the basin introduction of organic acids from the underlying 
Kimmeridge through the chalk during oil migration may have taken place. Present 
day pore-waters in some localities of the Palaeocene are particularly saline. These 
salinity measurements from Norwegian Sector Central North Sea sandstone pore-
waters indicate that highly saline porewaters from nearby Zechstein salt diapirs in the 
Central Graben area. The strongly faulted zones around the diapirs provide a 
pathway for hydrocarbon migration into the Tertiary section (Foster & Rattey 1993). 
The porewaters from the Arbroath and Montrose fields (Crawford et al. 1991) are 
highly saline 135,000 and 111,000mg/l respectively but are 25km away from salt 
diapirs which pierce the base Cretaceous (Sears et al. 1993). Presently underlying 
Zechstein salts are on the order of hundreds of metres below Lower Palaeocene· 
sandstones in this area (Penge et al. 1993).· Movement of saline fluids must have 
been either vertically along faults within the Mesozoic section or horizontally along 
the Lower Palaeocene sandstones where salt diapirs come into contact with the 
Montrose sandstones. This movement of saline fluids is limited as porewaters within 
Montrose Groups oilfields in the Witch Ground Graben are only slightly more saline 
than seawater. 
Salinity measurements of Central North Sea sandstone pore-waters indicate that 
highly saline porewaters within the Tertiary do not exist at depths <2200m (Bjorlykke 
& Gran 1994). This preculdes large scale mixing of formation porewater within the 
Central North Sea but does permit limited mixing of pore waters in the vicinity of 
diapirs. Bjorlykke & Gran (1994) suggest that saline waters, 100s of metres directly 
away from diapirs, result from diffusion processes. Highly saline waters are present 
within the Montrose and Arbroath Fields (Crawford et al. 1991). These fields are 
several kilometres away from salt diapirs which have punctured the Tertiary section 
which indicates that perhaps pore-fluid transfer, as opposed to siIDply secondary oil 
migration, from the deep basin to shallower Montrose Group has taken place over a 
limited distance. 
Salt-diapirs and quartz cementation - The connection between salt diapirs and 
increase in quartz cementation within the Montrose formations may be due to 
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conditions other than change in porewater composition. Salts have substantially 
higher conductivities (Zechstein k=71 Wm-Iel Andrews Speed et al1984) than 
sandstones (Jurassic k=2.4-3.6Wm-1e l) or shales k=2.9Wm-1e 1• Although it has 
been demonstrated that elevated heat alone does not result in quartz cementation 
(Bjorlykke et al1992), the combination of enhanced burial temperatures and pressure 
solution may result in a rise of quartz precipitation. 
Conclusion:- Diagenetic quartz in the Montrose Group and Brent Group precipitated 
throughout burial with an increase in the percentage of quartz at present day burial of 
8500-9000ft. Precipitation was not due to an unusual thermal event, which is not 
recorded in shallow Brent Group or deep Montrose Group sandstones. However 
within the Montrose Group sandstones, adjacent to salt-diapirs, enhanced quartz 
overgrowths are present at depths less than 2590m (8500ft). This may be due to 
higher formation temperatures resulting from salts' high heat conductivity or the 
introduction of porewaters containing organic acids from the underlying Jurassic 
sequence. 
6.6.4 Secondary porosity 
Migration of organic acids from source rocks (Surdam et at. 1984) and acid 
dissolution by meteoric waters (Emery et al. 1990) are commonly held responsible for 
the creation of secondary porosity. 
The lack of a secondary porosity trend with depth in Montrose Group sandstones 
Figure 6.20 may indicate that some secondary porosity was created <6000ft (70°C). 
However kaolinite precipitation must have also taken place deeper than that because 
of change in kaolinite morphology with depth. Another explanation is that secondary 
porosity is being continuously created by dissolution. This secondary porosity is also 
being continually destroyed by compaction which crushes skeletal grains and 
oversized pores maintaining optimum porosity for depth (Wilkinson et a1, in prep). In 
a poor-moderately sorted sand such fragments would be very difficult to identify. 
Secondary porosity within the Brent Group is also well developed within shallow 
reservoirs though the total volume of secondary porosity does not significantly 
increase with depth, e.g. at depth 2400m to 3600m (7870ft to 11800ft)(Harris 1992) 
Figure 6.20. Giles et al. (1992) however show a linear decrease offeldspar 
abundance beginning at 2740m (9000ft). They link the increase in proportion of 
secondary porosity relative to overall porosity with this decrease offeldspar. 
Porosity creation by this method is largely redistributional in nature (Giles & De Boer, 
1990). Glasmann (1992) indicates that at depth >3700m (l2140ft) reservoir horizons 
are characterised by the complete diagenetic removal of detrital K- spar. Feldspar 
volume within the Lower Palaeocene does not vary with depth although 15/26-4 has 
lower proportions offeldspar. There is no need to invoke introduction of organic 
acids which aggressively dissolve feldspars at 3km (9843ft) burial depth. 
6.6.5 Illite 
Illite forms a noticeable diagenetic component of Brent Group sandstones at depth 
greater than 3200m (10,500ft) burial (Giles et al. 1992). Illitic clays are apparent 
within the iron-rich mixed layer detrital clay that occur within the Palaeocene 
sandstones. Illite also occurs precipitating upon the edge of fraying kaolinite. This is 
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seen at depths >2500m (8200ft). The proportion is too small to be point- counted 
and forms less than 1%. Studies show that kaolinite can become unstable and illitized 
during burial (Kantorowicz 1984). Illite can also precipitate upon the already existing 
illitic coatings. Therefore the lack of illite in the Montrose Group is consistent with 
the kinetic barrier to illite stabilisation unless temperatures exceed 80 to 110°C (2150 
to 3000m) (Eslinger and Peavar 1988). 
6.8 Conclusions 
Although the paragenesis of the Montrose Group and Brent Group sandstones are 
. different, the same processes can be recognised. 
1) In both sandstones early concretions have a wide range in carbon isotopic 
compositions (-30 to +20%oPDB) relating to organic mediated reactions, while later 
concretion aBc is restricted to -10 to Oo/ooPDB resulting from thermal decarboxylation 
reactions. 
2) Shallow early kaolinite close to palaeo-shorelines of Palaeocene Montrose Group 
has a similar habit to Brent kaolinites which resulted from meteoric flushing. Deep 
late blocky kaolinites from the Montrose Group and the Brent Group have 
compositions which could be interpreted as precipitating from a mixed marine-
meteoric water. 
3) Quartz overgrowths within Palaeocene and Brent become volumetrically important 
at depths greater than 2591m (8500ft), and increase progressively with depth. 
4) Secondary porosity is present within Palaeocene and Brent Group sandstones at 
shallow burial depths. Compaction eliminated diagenetic textures to reduce 
recognition of secondary porosity. 
5) Illite is not present in Montrose Group sandstones in volumetrically important 
volumes as burial depths have not exceeded -2500m (80 to 100°C) where illite forms 
a stable mineral phase. 
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Figure captions 
Figure 6.1 Structural framework of the North Sea, Brent Group Province and study 
area of Montrose Group sandstones illustrated. 
Figure 6.2 Central North Sea location map for study wells 
Figure 6.3 Lithostratigraphy for Palaeogene stratigraphy, Deegan & Scull 1977. 
Figure 6.4 Cartoon cross-section of Central North Sea illustrating relationship 
between the Montrose Group and Moray Group sandstones (Deegan & Scull 1977) 
Figure 6.5 Paragenetic sequence for Montrose Group sandstones, Central North Sea, 
WGG - Witch Ground Graben. Derived from authors petrographic studies. 
Figure 6.6 Paragenetic sequences for Brent Group sandstones a) a-shallow Brent 
fields <2800m, b-intennediate depth Brent fields 2800-3700mn c-deep Brent fields 
>3700m from Glasmann 1992, b) from Giles et al. 1992. 
Figure 6.7 Back-scattered photomicrograph ofrhodochroisite replacing trace-fossils; 
bright patches are pyrite, surrounded by 50-100J..l1ll rhodochroisite spherules, dark 
grey is calcite and vertical dark grey is a calcite vein, (15/20-4 1996.5m) 
Figure 6.8 Carbon and oxygen sotopic values of manganese carbonate concretion with 
depth.i 
Figure 6.9 Photomicrograph of authigenic chlorite. Chlorite precipitates as grain 
coating crystallites -2J,1m across. Sandstones containing chlorite cement are 
particularly friable. (15/20-4 2013m) 
Figure 6.10 Oxygen isotopic values of chlorite separates vs precipitation temperature. 
Figure 6.11 Photomicrograph of microcrystalline quartz. Quartz forms euhedral 
crystals up to 10J,1m and is associated with detrital clay. (16/29-2 8625ft). 
Figure 6.12 Photomicrograph of detrital illite-smectite. A boxwork habit of illite-
smectite clay forms perpendicular to grain surfaces. This is seen within all wells 
regardless of depth( 16/28-6 2631 m), b) Boxwork habit clays precipitating adjacent to 
K-feldspar overgrowths (15/20-4 1991.7m). 
Figure 6.13 Photomicrograph ofK-feldspar overgrowths. Authigenic K- feldspar is 
more resistant to dissolution and is overgrown by quartz overgrowth (15/20-4 
1986.8m). b) K-feldspar overgrowth and detrital grain fractured during compaction 
(15/20-42002.6m). 
Figure 6.14 Photomicrograph of kaolinite. Up to 12% rock volume of kaolinite is 
present within wells 15/26-3 and 15/26-4. Kaolinite is present as pore-filling ragged 
verms (15/26-4 2070.2m), b) Within deeper and more distal wells a blocky habit of 
kaolinite predominates (23116-4 2309.6m). 
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Figure 6.15 Kaolinite % with depth. Kaolinite fonns less than 4% rock volume for 
most wells. Within wells close to late Palaeocene shorelines (15/26-3 and 15/26-4) 
substantially more kaolinite is present, up to 12% rock volume. Derived from authors 
point counts and BP sedimentological reports b) Kaolinite % for Brent Group 
sandstones from Giles et al. (1992). At similar depth 5000ft to 9000ft, there is more 
kaolinite present within Brent Group sandstones but volumes decline gradually at 
depths greater than 9500ft burial. 
Figure 6.16 8180(kaolinite) with depth for Montrose Group sandstones. 8180 values 
stay relatively constant between deep wells and shallow wells indicating similar 
conditions during precipitation. 
Figure 6.17 Photomicrographs of quartz overgrowths 
Figure 6.18 Quartz overgrowth % with depth. Volumes of authigenic quartz remain 
small <2% until burial greater than 8000ft. Anomalous well 23/16-4 (and 22/20-3) 
have enhanced quartz overgrowths and are adjacent to salt-diapirism. Derived from 
. authors own point counts and BP sedimentological reports. b) Authigenic quartz % 
with depth from Giles et al. (1992). Authigenic quartz volumes remain low (<2%) 
until burial depths of 8500ft is reached. Then volumes gradually increase to up to 
24% volume at depth-12000ft. 
Figure 6.19 Photomicrograph of fibrous illite. At depth greater than 2500m burial, 
illite fonns an important though volumetrically small «1% volume) authigenic phase. 
Boxwork smectite-illite clays become more plate-like (22117T-4 10186ft) and 
b)kaolinite flakes begin to fray and illite precipitates upon plates (16/28-6 263 1m). 
Figure 6.20 Secondary porosity with depth. a) Volumes of secondary porosity in the 
Montrose Group do not vary much with depth, they are normally <4% volume. Data 
from authors point-counts and BP data; b) Brent Group volumes of secondary 
porosity (Harris 1992). Volumes of secondary porosity are not much different from 
Montrose Group sandstones although dissolution offeldspars is happening 
progressively with depth. It is likely that secondary porosity is continuously 
destroyed by compaction during burial form optimum 4% secondary porosity. 
Figure 6.21 813C_ 8180 crossplot of carbonates. Cross plot illustrates groupings of 
Montrose Group carbonates. 1- contains carbonates formed during shallow sulphate 
reduction within depositional marine porewaters. 2 - concretions in this file 
precipitated during oxidation of migrating hydrocarbons within meteoric porewaters. 
3 - concretions within this field precipitated as a result of fermentation of organic 
material within meteoric porewaters. 4 - compositions of late concretions within deep 
and distal wells plot in this field as a result 0 decarboxylation and reprecipitation of 
detrital carbonate. b) compositions of Brent Group carbonates. The distribution of 
Brent Group carbonate are broadly similar to that of Montrose Group sandstones. 
This provides geochemical evidence that similar precipitation processes operated 
although the volumes of cement do vary. 
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Figure 6.22 87Sr/86Sr _B13C crossplot of carbonates. Plot shows that Montrose Group 
concretions are not as radiogenic as Brent Group carbonates. We deduce that there is 
less feldspar and silicate dissolution within the Montrose Group, 
Figure 6.23 Bl80 SMOW (kaolinite) frequency plot of Montrose Group sandstone data 
and published data from the Middle Jurassic Brent Group sandstones; Brint (1989), 
samples from the Thistle Field (211118, the Murchison field (211119) and the Ounlin 
Field (211113 and 211123): Osborne et aI. (1994), samples from the emerald Field 
(2110 and 3/11): Macaulaye aI. (1994), samples from the Hutton and NW Hutton 
Fields (211127 and 211128): Glasmann et aI. (1989), samples from the Heather Field 
(2/5). Montrose Group data falls on the vermiform side of Brent Group data. 
Figure 6.24 00 SMOW (kaolinite) frequency plot of Montrose Group sandstone data 
and published data from the Middle Jurassic Brent Group; Brint (1989), samples from 
the Thistle Field (211118), the Murchison field (211119) and the Ounlin Field (211113 
and 211123): Osborne et aI.(1994), samples from the Emerald Field (2110 and 3/11): 
Macaulaye aI. (1994), samples from the Hutton and NW Hutton Fields (211/27 and 
211128): Glasmann et aI. (1989), samples from the Heather Field (2/5). There does 
not appear to be any correlation between habit and BO values. 
Figure 6.25a 0180 • BO crossplot of kaolinite values. Kaolinites from both Brent and 
Montrose Groups have precipitated within mixed meteoric-marine porewaters over a 
range of temperatures. Macaulayet aI.'s (1994) blocky and vermiform data and 
Glasmann et aI.'s (1989) blocky morphology kaolinite precipitated at temperatures 
>60°C. There is very little compositional difference apparent in the oxygen and 
hydrogen isotopic values of Macaulay et aI vermiform and blocky kaolinite data. 
Osborne et aI.'s (1994) and Brint's (1989) kaolinite data suggests that precipitation 
took place at cooler temperatures of <60°C. Montrose Group kaolinite oxygen and 
hydrogen data suggests that precipitation took place over a range of temperatures 
(35°C to 80°C) within porewaters of between -6.5 to -4%oSMOW. 
Figure 6.23b Illustrates Montrose Group data only. 
Figure 6.26 Meteoric component of porewaters. There are three hypothesis about 
introduction of meteoric porewaters into the Brent: 1) Porewaters were meteoric 
during the deposition and porewater composition was maintained during burial 
(MacAulayet aI. 1994),2) Meteoric porewater was introduced into the Brent Group 
during subarial erosion of tilted fault-blocks during the Kimmeridgian Unconformity 
(Macaulayet aI. 1993),3) Meteoric water was introduced from the adjacent East 
Shetland Platform during relative sealevel fall (Haszeldine et aI. 1992). 
b) flushing could have happened within the Montrose Groups during the late 
Palaeocene as a result of the progradation of the overlying Moray Group deltaic 
system and relative sealevel fall (Reynolds 1994). 
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T bl 610 a1 fr Mn a1 't f 1996.5m cored depth. a e . Jxygen ISotope v ues om -c Cl e concre IOn, 
Length along concretion S13CPDB S180PDB S180SMOW 
10cm -18.3 -5.6 25.1 
9cm -18.4 -12.0 18.6 
8cm -18.8 -10.1 20.5 
8cm -25.1 -9.1 21.5 
7cm -19.0 -5.2 25.6 
6cm -18.3 -4.1 26.7 
2cm -18.3 -4.9 25.8 
1.5cm -21.1 -8.4 22.2 
T bl o a1 from chlorite separates, 15/20-4, cored depth 1968m a e 6.2 )xygen Isotope v ues 
S180SMOW Grain size (urn) 
17.0 5 
12.7 5 
15.1 2 
15.2 2 
13.0 2 
14.9 0.5 
Table 6.3 Point count data 
Well Cored depth (ft) Cored depth (m) Quartz Secondary Kaolinite (%) 
overgrowth (%) porosity (%) 
15/20-4 6482.2 1975.8 1.0 1.2 0.2 
6499.7 1981.1 0.6 1.2 1.6 
6518.5 1986.8 0.4 0.6 0.8 
6534.5 1991.7 0.4 0.6 0.2 
6534.9 1991.8 0.6 0.2 0.2 
6535.1 1991.9 0.57 0.0 0.3 
6525.3 2019.4 1.2 1.0 0.6 
15/26-3 6162.4 1878.3 0.6 0.4 1.4 
6217.8 1895.2 0.0 0.2 0.2 
6150.6 1874.7 0.0 3.2 5.2 
6151.3 1874.9 0.0 3.0 11.0 
6153.2 1875.5 0.0 2.6 11.0 
6154.9 1876.0 0.0 2.8 9.6 
6157.2 1876.7 0.0 2.6 8.2 
6176.5 1882.6 0.0 1.4 9.2 
6189.3 1886.5 0.0 2.2 10.0 
6202.8 1890.6 0.0 2.0 7.4 
6204.1 1891.0 0.0 . 2.4 7.2 
6236.1 1900.8 0.0 . .. 1.8 11.0 
6249.0 1904.7 0.0 3.6 6.2 
6265.1 1909.6 0.0 2.6 5.4 
6285.3 1915.7 0.0 1.4 6.6 
6302.5 1921.0 0.0 3.4 4.0 
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6305.8 1922.0 0.0 2.4 4.2 
6328.7 1929.0 0.0 3.8 0.6 
15/26-4 6759.8 2060.4 0.0 2.6 4.0 
6791.3 2070.0 0.0 2.0 3.0 
6799.9 2072.6 0.6 2.4 4.6 
7236.7 2205.7 0.0 2.6 12.0 
7315.3 2229.9 0.0 7.6 11.0 
7383.2 2250.4 0.0 0.2. 0.8 
7416.3 2260.5 0.2 6.8 3.8 
7450.0 2270.7 0.0 4.6 8.8 
7484.8 2281.4 0.2 3.2 7.6 
7508.5 2288.6 0.0 1.6 9.4 
7551.7 2301.8 0.0 3.0 9.0 
7565.6 2306.0 0.0 2.4 6.6 
7574.8 2308.8 0.0 3.8 0.0 
16/28-4 8420.9 2566.7 7.0 - 3.0 
8425.2 2568.0 0.0 
-
1.0 
8426.8 2568.5 3.0 
-
0.5 
8431.8 2570.0 2.0 
-
2.0 
8438.3 2572.0 1.0 
-
2.0 
8443.2 2573.5 2.0 
-
1.0 
8453.1 2576.5 0.5 
-
2.0 
8460.1 2578.6 1.0 
-
2.0 
8463.8 2579.8 0.0 
-
0.0 
8466.2 2580.5 2.0 
-
1.0 
8471.1 2582.0 3.0 
-
2.0 
16/28-5 8471.8 2582.2 0.0 
-
5.0 
8479.3 2584.5 0.0 
-
0.0 
8553.2 2607.0 5.0 
-
2.0 
8569.6 2612.0 2.0 
-
0.5 
8586.0 2617.0 2.0 
-
5.0 
8602.4 2622.0 0.5 
-
0.5 
8611.6 2624.8 2.0 
-
3.0 
8618.8 2627.0 3.0 
-
0.0 
8636.8 2632.5 1.0 
-
1.0 
., 8649.1 2636.3 0.0 2.0 
-
8653.2 2637.5 1.0 
-
0.0 
8654.9 2638.0 0.5 
-
0.0 
8668.8 2642.3 0.5 
-
3.0 
8671.3 2643.0 1.0 
-
3.0 
8677.0 2644.8 0.0 
-
1.0 
8691.0 2649.0 4.0 
-
0.5 
8706.7 2653.8 0.5 
-
3.0 
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8726.9 2659.9 0.5 - ,1 1.0 
I 
16/28-6 8483.5 2585.8 1.8 2.0 4.4 
8483.9 2585.9 2.2 4.0 2.6 
8484.3 2586.0 1.0 3.4 4.4 
8525.9 2598.7 1.8 3.2 1.0 
8579.7 2615.1 0.5 1.4 1.7 
8632.6 2631.2 0.8 0.8 2.2 
8679.1 2645.4 2.8 3.2 8.0 
8679.5 2645.5 0.8 0.4 1.2 
8727.7 2602.2 0.6 1.6 1.8 
8778.6 2675.7 1.6 2.2 2.4 
8803.5 2683.3 1.2 1.2 2.4 
8824.5 2689.7 0.0 1.0 1.6 
8877.0 2705.7 2.6 1.2 1.8 
8925.6 2720.5 1.0 0.2 1.8 
8971.5 2734.5 1.6 1.4 1.6 
16/29-2 8607.0 2623.4 24 0.2 0.0 
8623.9 2638.6 0.4 0.0 0.0 
8625.0 2628.9 0.2 0.8 0.2 
8626.6 2629.4 0.4 1.2 0.4 
8642.0 2634.1 0.8 1.4 0.4 
8650.0 2636.5 0.4 1.4 0.2 
8655.2 2638.2 0.0 1.0 1.6 
8668.0 2642.0 0.2 1.8 1.4 
8689.0 2648.4 2.0 0.8 3.4 
8697.0 2650.8 0.6 0.8 1.0 
8710.0 2654.8 0.6 0.8 0.6 
8720.0 2657.9 0.2 1.0 1.6 
8740.0 2663.9 0.4 1.0 1.2 
8748.1 2666.4 0.2 0.8 1.8 
8772.0 2673.7 0.2 0.8 1.8 
8787.0 2678.3 0.2 1.6 1.4 
8810.3 2685.4 0.2 1.4 2.4 
21110-1 7065.0 2153.4 0.0 0.2 0.4 
7072.5 2155.7 0.0 0.0 0.0 
.,. 7080.7 2158.2 0.0 0.0 0.0 
7093.0 2161.9 0.0 2.4 0.4 
7104.0 2165.3 0.6 1.6 1.0 
7104.5 2165.4 0.2 2.8 1.2 
7116.0 2169.0 0.0 0.4 0.0 
7343.0 2238.1 0.0 2.4 0.6 
7357.0 2242.4 0.0 0.0 0.2 
7365.0 2244.8 0.0 1.8 0.8 
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7377.0 2248.5 0.4 3.0 0.0 
7392.0 2253.1 0.8 2.8 0.2 
21110-FB55 7552.5 2302.0 0.5 - 0.5 
7585.3 2312.0 0.5 - 0.0 
7678.5 2343.7 0.0 - 1.0 
7718.2 2352.5 0.0 - 0.0 
7785.4 2373.0 0.5 - 2.0 
7815.0 2382.0 0.0 - 0.5 
7857.6 2395.0 0.0 - 1.0 
7026.5 2416.0 0.0 - 0.0 
7979.0 2432.0 0.0 - 0.0 
8047.9 24530 0.0 - 0.5 
8129.1 2477.7 0.0 - 0.5 
8152.1 2484.7 0.5 - 0.0 
22112-5 7553.2 2302.2 0.5 2.9 5.0 
7559.1 2304.0 0.5 2.0 4.0 
7575.5 2309.0 0.0 1.7 2.5 
7593.5 2314.5 0.5 2.9 1.0 
7600.7 2316.7 1.0 3.3 1.0 
7613.2 2320.5 0.0 1.4 2.0 
7623.0 2323.5 0.0 0.0 0.5 
7642.8 2329.5 0.0 1.4 0.5 
7648.4 2331.2 0.0 1.9 0.0 
7652.6 -1 2332.5 0.0 0.5 3.5 
, , 
22/12-7 8481.6 2585.2 2.5 3.2 0.5 
8484.9 2586.2 3.0 5.2 0.5 
8495.9 2589.6 4.0 7.0 2.0 
8515.9 2595.6 0.0 0.0 0.0 
8532.8 2600.8 4.0 11.0 1.0 
22/17T-4 10055 2667.0 0.0 0.4 0.2 
10056 2667.3 0.0 0.6 0.4 
10057 2667.6 0.0 1.4 1.8 
10064 2669.8 1.0 2.8 2.6 
10070 2671.6 0.8 2.0 1.8 
10076 2673.4 0.6 4.6 2.2 
10081 2675.0 0.0 2.6 3.0 
10092 2678.3 0.2 3.4 3.8 
10186 2707.0 0.2 2.2 0.8 
10190 2708.2 0.0 1.7 0.8 
10193 2709.1 0.0 2.0 1.2 
10212 2714.9 0.6 2.4 0.2 
10216 2716.1 0.4 1.8 0.4 
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10224 2718.5 0.4 3.8 1.8 
10250 2726.4 0.4 2.2 0.8 
10240 2723.4 0.2 1.8 1.0 
10388 2768.6 0.4 1.6 0.2 
10397 2771.3 0.0 0.4 0.0 
10410 2775.2 0.2 1.6 1.6 
10419 2777.9 0 0.8 2.2 
10430 2781.3 0.2 2.2 0.4 
10439 2784.1 0.0 0.4 0.4 
22/20-3 8823.5 2689.4 3.4 2.4 1.4 
23/16-4 7054.5 2150.2 0.4 1.2 0.8 
7073.4 2156.0 0.2 0.0 0.2 
7034.4 2156.0 0.0 0.0 0.2 
7075.1 2156.5 0.0 0.8 1.2 
7075.2 2156.5 0.0 0.0 0.2 
7075.2 2156.5 0.2 0.0 0.0 
7092.0 2161.6 0.0 0.6 1.8 
7093.6 2162.1 0.0 1.0 0.6 
7094.3 2162.3 0.6 1.6 2.2 
7094.9 2162.0. 5.0 0.0 1.8 
7095.4 2162.7 0.2 0.2 1.0 
7105.3 2165.7 0.0 1.6 0.6 
7225.6 2202.4 0.2 1.0 0.8 
7229.6 -r 2203.6 0.2 10 0.0 
7227.2 j 2202.9 0.0 0.0 0.0 ") 
7425.8 2263.4 0.0 1.0 0.8 
7425.8 2263.4 1.0 2.2 1.8 
7437.8 2267.0 0.0 1.6 1.2 
7577.6 2309.6 0.0 1.4 2.0 
7580.2 2310.4 0.0 0.0. 0.8 
7022.0 2140.3 2.0 0.1 0.0 
7024.4 2141.0 2.0 0.1 1.0 
7025.7 2141.4 0.2 0.0 0.0 
7037.6 2145.1 6.5 0.9 2.5 
7056.3 2150.7 1.0 0.8 2.0 
7062.8 2152.8 3.5 0.5 2.5 
.,. 7075.1 2156.5 0.5 0.0 0.0 
7078.1 2157.4 1.0 0.5 3.0 
7092.4 2161.7 0.2 0.1 2.0 
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7.1 General overview 
This chapter provides a summary and s)'TIthesis of the observations and deductions in 
earlier chapters. A diagenetic model is presented. (Figure 7.1 Location map) 
Palaeocene Montrose Group sandstones were laid down within the subsiding Central 
North Sea by high-density turbidity currents from the East Shetland Platform and 
Scottish mainland. The three formations (Maureen, Andrew and Forties 
Formations) form sand-rich aprons; their areal extent is controlled by the underlying 
Mesozoic graben system. Regionally the dominant facies is a massive-bedded 
sandstone forming thick (1 D's m) amalgamated units. 
Meteoric flushing of these marine sandstones occurred early on during deposition of 
Montrose Group sandstones as Palaeogene basinward tilting exposed proximal 
Lower Palaeocene deposits, and progradation of Moray Group deltaic deposits in 
the Outer Moray Firth (Milton et al. 1990). An early diagenetic effect recording this 
porewater change has been the precipitation of carbonate cements. Structural 
control on carbon source is obvious from the regional groupings of early 
concretionary compositions. 
Authigenic kaolinite isotopic compositions also recorded meteorically influenced 
porewaters. Wells sited close to the entrance point of meteoric water have up to 
12% rock volume vermiform kaolinite, which may have directly precipitated during 
active flow. Most kaolinite within the sandstones comprises only <4% rock volume 
and appears to have grown over a considerable period during burial. Isotopic 
signatures indicate that precipitation took place within mixed meteoric-marine pore-
fluids. 
The isotopically heavier compositions of oxygen in pore-waters during late 
carbonate precipitation are likely to be due to introduction of porewaters from 
surrounding mudstones. Carbon isotopic compositions of late concretions within 
deeper buried wells indicate precipitation resulting from decarboxylation. The 
radiogenic strontium component and high manganese content within concretions is 
similar to that of published carbonate cements within the underlying chalks. 
Although this can be related to vertical fluid flow from the underlying Jurassic 
sandstones, resulting from overpressure release, the occurrence of the Mn-rich and 
radiogenic Sr-ratios can be sourced internally within the Montrose Group. An 
increase in quartz overgrowths also appears to be related to the structural proximity 
of salt diapirs. These cements may be linked to release in overpressure from 
underlying Jurassic sediments charging the Palaeocene sandstones with organic acids 
or 87Sr-rich fluids. However if temperature is the main control on quartz 
cementation and overpressuring is absent then, the proximity to salt-diapirs can be 
explained by the higher heat conductivities of salt locally raising geothermal 
gradients accelerating geochemical reaction responsible for quartz precipitation. 
Major quartz cementation commenced at 8500ft by similar processes to the Brent 
Group. Overall porosity decline is approximately 2%1km 
7.2 Carbonates and implications 
Early concretions, identified by their high minus-cement porosities, have distinctive 
carbon and oxygen isotopic compositions resulting from specific organic reactions. 
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Of particular interest are concretions with very low Ol3C values (Ol3C= -30 to - -
17o/ooPDB). A similar range of values occurs in cements associated with hydrocarbon 
oxidation. These calcite cements texturally post-date dolomites formed in the 
sulphate reduction zone. The presence of bituminous stains within concretions also 
record anaerobic oxidation of early migrating hydrocarbons and provide supporting 
evidence that this was the source of carbon. 
Concretion thicknesses compiled from composite logs of massive channel 
sandstones enable the construction of a distribution map of concretions within the 
Central North Sea Figure 7.2. This map indicates that concretions generally makes 
3-7% of sandstone thickness, i.e. 1.2-2.8% rock volume. These values may be 
close to the proportion of detrital carbonate originally in the sands. However 
anomalous areas of enhanced cementation are identified. These are generally 
deeper into the graben system, along graben flanks and along the axes of grabens. 
Implications 
Rapid burial within the Witch Ground Graben during the early Tertiary resulted in 
early maturation of Kimmeridge Clays in this area (Barnard & Bastow 1992). The 
timing and method of migration of these oils are problematic, i.e. when did they 
migrate, how did they enter the Lower Tertiary and by what pathway did they 
migrate in the Tertiary. The combination of isotopic compositions of carbonate 
cements and distribution of carbonate cements can be used to speculate that the 
enhanced cementation identifies palaeo-oil migration pathways. Where meteoric 
water, entering the Montrose Group from the palaeo-landmass to the west, mixed 
with hydrocarbons, the hydrocarbons were degraded. Degradation products 
included C03- which was utilised for calcite precipitation Figure 7.3. The 
hydrocarbons preferentially migrated up the graben flanks and through the 
depositional axes of the Witch Ground Graben and the Fisher Bank Basin on Figure 
7.2. Extensive carbonate cements within a similar geological setting have been 
recognised within Palaeocene sandstones in UK Quadrant 9 (R. Dixon, BP, Dyce 
pers. comm. 1994). Here and in the Eocene Forth Field (Watson 1993) tilted 'bright 
spots', resulting from tight cemented sandstones, on seismic sections identified 
palaeo-pooling of hydrocarbon. After these cements had grown, the trap was later 
tilted basin-ward and the hydrocarbons migrated updip. Enhanced carbonate 
cementation in the more depositionally distal area may record late cements related to 
vertically underlying salt intrusion or salt-related activity, areas 2 and 3 on Figures 
7.2,7.4. There is evidence in high salinities in Montrose Group oilfield porewaters 
in the East Central Graben that vertical movement of fluid from the deep Jurassic to 
Palaeocene sediments has occurred. The carbon isotopic compositions (-10 to -
5permill PDB) would appear to suggest that the carbon source is not simply reflect 
remobilisation of detrital carbonate but includes a component of carbon from a more 
negative source. Decarboxylation is the preferred process to supply carbon and is a 
late phase likely to be influenced by the proximity of heat-conducting salt diapirs. 
7.3 Quartz and implications 
Authigenic quartz cement precipitated from early burial onwards. Initially the quartz 
precipitated as small incipient overgrowths a few microns wide overlying detrital 
clays. It forms less than 2% of rock volume throughout burial. Deeper in burial 
depth, a gradual increase in quartz cementation is seen, Figure 7.5. The 
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silica is thought to precipitate from processes of pressure solution within the 
sandstone. Anomalous individual wells also occur; one well 23/16-4 has up to 7% 
quartz overgrowth volumes at depths around 2200m (7220ft). Although the 
processes supplying this silica are not known, this well overlies a Zechstein salt-
dome, Figure 7.4. Though the composition of pore-waters from this well is not 
known, pore-waters from deep Montrose Group Arbroath & Montrose Oilfields in 
the Central Graben are known to be highly saline (Crawford et al. 1991). This is 
considered to have resulted from cross formational fluid flow from Zechstein salt. 
Anomalous increases in quartz overgrowths within Upper Jurassic and Brent Group 
sandstones have been noted by Emery et al (1993); these have been related to 
synchronous cementation and oil migration. Salt tectonics are not likely to have 
been responsible for this within this Brent Group area as Zechstein evaporites are 
not present within the Northern North Sea. 
Implication > 
At depth authigenic quartz is volumetrically the most important cementing phase 
within the Brent Group, Northern North Sea. However, in shallow Brent 
sandstones, quartz cements form similar low volumes, as observed in the Montrose 
Group. These volumes however start to increase rapidly from burial depths of 
2740m (-9000ft)(Giles et al. 1992). Although Giles et al. (1992) were not able to 
confidently identify the source of silica increase, they suspected that this was 
sourced by both local feldspar dissolution, and by pressure solution within siltstones. 
The resulting silica was transported a short distance into the sandstones. Emery et 
al. (1993) discovered that gradients of porosity decline vary from structure to 
structure within Mesozoic sandstones in the Northern North Sea. They attribute 
porosity decline gradients higher than standard lo cementation synchronous with 
hydrocarbon charging of the structure. Quartz cementation was consequently 
reduced in oil bearing sandstones with cementation enhanced in the water leg. It is 
difficult to relate this process directly to the Montrose Group as no oilfields form in 
large tilted-fault block structures within this area as in the Brent province. The 
coincidence of increased quartz cement over a salt-dome (well 23/16-4) may be an 
analogous effect, and perhaps relates to cementation with hydrocarbon and pore-
water migration vertically from the deep basin. These underlying fluids may have 
altered mineral equilibria, triggering silica-release reactions. Silica-bearing fluids 
rising up are not suspected as silica veining is not noted within publications which 
deal with petrographic descriptions and diagenetic alteration of chalk reservoirs 
within this area (Taylor & Lapre 1987, Smalley et at 1992). It is likely that raised 
geothermal gradients around salt diapirs accelerated feldspar dissolution/quartz 
precipitation reactions. 
7.4 Kaolinite and implications 
Kaolinite usually forms 0 to 4.5% of the sandstones, and kaolinite separates from 
several wells have been isotopically analysed. Two morphologies of kaolinites are 
present within the Montrose Group; a vermiform kaolinite habit and a booklet 
kaolinite habit. The two habits are not mutually exclusive. Booklet kaolinite 
appears to overgrow earlier vermiform kaolinite within deeper wells. Kaolinite 
morphology changes with depth and therefore with distance from depositionally 
proximal areas. Anomalously abundant kaolinite makes up to 12% by volume of 
sandstones in wells 15/26-3 and 15/26-4. 
Chapter 7 Conclusions 7.4 
Isotopic compositions (oD and 0180) of kaolinite in the Montrose Group throughout 
the Central North Sea are very similar. The simplest interpretation from a OD_0180 
cross-plot would indicate that the kaolinite grew within mixed waters, 0180= -6.5 to 
-3%oSMOW, at moderate temperatures, 35 to SO°C. The assumption is made that 
post-growth isotopic exchange with pore-fluids did not occur. 
Implications 
The similarity of compositions for kaolinite separates suggests an overlapping spread 
of pore-water compositions and temperatures of precipitation for both kaolinite 
morphologies. However, the data may also conceal a long period of slow rates of 
kaolinite growth under gradually changing circumstances. The implication is that 
pore-waters were mixed. This implies that meteoric water had flushed through the 
Palaeocene sands at some stage of burial. The most likely timing is throughout the 
Palaeocene itself as basinward tilting exposed earlier deposited Lower Palaeocene 
sediments when the North Sea suffered a remarkable fall of relative sea-level 
(54.SMa, Milton et al. 1990), which resulted in delta progradation of the Moray 
Group into the Moray Firth, Figure 7.6. The meteoric head must have been 
sufficient to have flushed the sands at this time. Meteoric signature was present 
during kaolinite precipitation after marine transgression had sealed offproximal end 
of Montrose Group within the Outer Moray Firth. 
Kaolinite precipitation within wells 15/26-3 and 15/26-4 may have precipitated in 
response to this active introduction of meteoric water, though unfortunately there is 
no isotopic data from these wells. The temperatures of up to SO°C deduced from 
isotopic data suggest that pore-fluids still had a noticeable meteoric influence long 
after closure of the system to shallow meteoric flow. This mixture of meteoric-
marine pore-waters is in contrast to late calcites which post-date kaolinite in the 
distal areas of the Montrose Group. Late concretions have 0180 compositions that 
are satisfactorily explained by precipitation within pore-water isotopically similar to 
marine compositions. 
7.5 Late carbonate and implications 
Late concretions within distal areas of the Montrose Group have 0180 values that 
are consistent with precipitation from pore- fluids with a marine composition. 
Carbon isotopic compositions indicate precipitation from a combination of 
decarboxylation and detrital carbonate dissolution. Concretions post-date quartz 
cements and kaolinite, Figure 7.7. 87Sr/86Sr ratios of late carbonate indicate that a 
radiogenic component was present during precipitation. Late carbonate concretions 
are also enriched in manganese. 
Implications 
Present day pore-waters within the Forties Field 21110, (Emery & Robinson 1993), 
have 8180 values of -0.7 to +1.7%oSMOW and 80 values of -25.5 to -13.S%oSMOW, 
with very low sulphate concentrations (1-42ppm). These pore-waters are enriched 
in 180 even compared with Palaeocene sea-water. The enrichment in 180 is 
puzzling as there has not been sufficient precipitation oflow 180 authigenic minerals 
to enrich pore-waters in 180 from end member meteoric values. 
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Sandstone pore-waters must have mixed with fluids introduced after flushing to 
attain their present day composition. These may have been:-
i) Zechstein pore-fluids, the highly saline nature of some deep Montrose Group 
pore-fluids (135,OOOppm salinity Montrose Field, Crawford et aI. 1991) attest to the 
introduction of connate waters. Porefluids outside the East Central Graben have 
normal salinities. 
ii) Fluids from overpressured overlying Upper Tertiary muds; Carbonate and pyritic 
veins within mudstones overlying the Montrose Group attests to fluid flow through 
this sequence. The release of overpressuring by downwards fluid movement may 
have introduced modified saline pore-waters into the clastic Palaeocene sequence. 
Present day profiles of formation pressure, derived from mud weight logs, show that 
the Montrose Group forms a hydrostatically pressured regional aquifer, and 
pressures in overlying muds gradually increase away from this sandstone. 
iii) Jurassic pore-fluids; Strontium ratios of authigenic calcites within underlying 
chalks are more radiogenic than depositional chalks, and strontium ratios increase 
with depth. Enrichment of the radiogenic strontium component results from the 
dissolution of silicate minerals. Such pore-waters may have risen up fractures 
overlying the Jurassic during overpressure release. Once in the Palaeocene 
sandstones, these fluids could have moved laterally outwards from the basin centre. 
7.6 Proposals for future work 
7.6.1 Concretions 
Data from composite logs have been entered into Stratamodel3D computer 
modelling program. Computer generated graphics of separate Palaeocene 
Formations are envisaged creating a more accurate portrayal of carbonate 
distribution. It will be possible to determine whether sand/mud ratios have 
influenced precipitation of carbonate. Transit times have also been recorded, from 
these it is hoped that it will be possible to identify depths where silica cements 
precipitate, in the fonn of a sudden regional drop in transit times. 
7.6.2 Kaolinite 
Sampling from wells in a transect across the palaeo-shoreline should enable workers 
to shed more light on the processes which resulted in the precipitation of kaolinite. 
It would be interesting to know whether the isotopic compositions ofkaolinite 
separates from wells 15/26-3 and 15/26-4 fall within the Osborne et al (1994) 
vermifonn field on the 0180_oD crossplot, and hence grew at similar times to the 
majority of kaolinite. Different 0180 and oD values would confinn different fluids 
and timing of fluid change. 
7.6.3 Overpressure leak points 
Perhaps the most intriguing question concerns the cause of quartz cementation at 
depth. What is the link between maturation, oil migration or Zechstein 
breakthrough? Research could take the fonn of sampling wells around a diapir 
structure, and tabulating; 87Sr/86Sr ratio of carbonates, quartz overgrowth 
percentage, fluid inclusion analysis of quartz overgrowths to determine petroleum 
composition, and making Ro measurements from organic samples. 
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7.7 Diagenetic model for exploration 
Throughout the whole Montrose Group, sandstones regionally have good porosities 
and penneabilities. However there are variations in these qualities which relate to 
diagenetic processes, Figure 7.8. The main porosity reducer within sandstones is 
the presence of carbonate concretions. These can fill up to 10% whole rock volume 
of producing sandstones (see composite logs of Balm oral Field, Tonkin & Fraser 
1991). They can also result in partial compartmentalisation of reservoirs. The areas 
of higher carbonate cement are situated within the axis of the Witch Ground Graben, 
the north flank of the Witch Ground Graben. These are tentatively associated with 
biodegradation of early migrating hydrocarbons within meteoric porewaters. High 
percentages of carbonates are also found along the east side of Quadrant 22 and 
within block 16/28. These areas are associated with salt diapirism. Higher 
percentages of concretions are also found along the axis of the East Central Graben 
Kaolinite generally does not precipitate in sufficient volumes to affect production. 
However close to palaeo-shorelines, kaolinite forms up to 12% of rock volume as a 
result of meteoric influx. Such volumes may cause problems with clay migrating 
during production. Biodegradation of early migrating oil within the cool meteoric 
water would also have taken place. 
Areas in proximity to salt diapirs also have anomalously higher percentages of 
diagenetic quartz, up to 7% rock volume, compared with an average of -2% rock 
volume. In sandstones with 25% porosity, this reduces porosity by a fifth. The best 
prospects for drilling are areas away from salt diapirism, away from areas of early 
migrating oil within meteoric waters and away from direct meteoric influx. 
A more common problem in Palaeocene may be not too much diagenetic cements, 
but too little. This can result in loose sand being pumped up during production. 
Such loose sands are common in chlorite-cemented zones. These are controlled by 
depositional axes and inputs of volcanic debris. 
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Figure Headings 
Figure 7.1 Location map of the Central North Sea showing major tectonic features 
of the base Cretaceous. 
Figure 7.2 Map of percentage diagenetic carbonate within Montrose Group 
sandstones. Data was compiled from 101 composite logs. Areas 1 to 4 contain 
anomalous amounts of concretions. In area 1, concretions precipitated as a result of 
hydrocarbon biodegradation within cool meteoric waters sourced from the 
northwest. This area along the axis of the Witch Ground Graben and north flank of 
the witch Ground Graben also potentially identifies the location of early oil 
migration paths. Area 2 identifies an area of salt- diapirism. The geochemical and 
isotopic composition of the late Montrose Group concretions can be related to 
cross-formational fluid movement from the underlying Cretaceous sequence. Areas 3 
and 4 contain late concretions with similar geochemical compositions as area 2 and 
are thought to be related to similar processes. 
Figure 7.3 Cartoon illustrating the Witch Ground Graben during the late Palaeocene. 
Meteoric water sourced from a prograding delta system interacts with early 
migrating hydrocarbons. Biodegradation of the hydrocarbons resulted in the 
precipitation of early calcite concretions. 
Figure 7.4 Illustrative cross-section from Platt & Philip (1993) across the Jaeren 
High shows the effect of Zechstein salt-diapirism on the overlying sediments. Late 
Mn-calcites within the Montrose Group have a radiogenic Sr component which is 
similar to that found in Central North Sea chalks (Smalley et al. 1992). This enriched 
Sr is likely to have come from Jurassic formation water as a result of fracturing 
around the salt-dome, which encouraged fluid escape from overpressured Jurassic 
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formations. Arrows show inferred directions of fluid movement. Evidence for cross-
formational flow can be summarised as:- - high salinities recorded within deep buried 
Montrose Group sandstones e.g. Montrose III ,000mg/l salinity, Arbroath 
135,OOOmg/1 salinity (Crawford et aI1991). Such salinities could only have resulted 
from dissolution of Zechstein evaporites. - radiogenic 87Sr/86Sr ratios within late 
carbonates in Montrose Group sandstones. (Authigenic calcites in underlying chalks 
also have a radiogenic component which increases with depth, Smalleyet al. 1994). 
Radiogenic components within chalks implies that Sr resulting from dissolution of 
silicates was imported from underlying Jurassic clastic sequence. - Mn enrichment 
within late carbonate within the Montrose Group is similar to that noted in chalk 
sequences. The manganese may have been imported into the chalks and the 
Montrose Group sandstones. - Anomalous increase in quartz cementation within 
Montrose Group sandstones in proximity to salt-diapirs. The process which causes 
this is not understood, nevertheless enhancement in silica of up to 7% is seen wells 
adjacent to salt structures. 
Figure 7.5 Percentage quartz overgrowth with depth. At burial depths >8500ft 
(2.4km) the percentage of quartz overgrowths increase above 2%. In wells adjacent 
to salt diapirs anomalous increase in quartz overgrowth is seen e.g. 23/16-4. This is 
related to movement of fluids from underlying overpressured Jurassic formation, 
perhaps related to oil expulsion resulting in silica- releasing reactions within the 
Montrose Group sandstones. 
Figure 7.6 Cartoon illustrating meteoric influx into the Montrose Group. During the 
late Palaeocene, drastic sea-level fall resulted in the progradation of the deltaic 
Moray Group across the Outer Moray Firth. Maximum progradation of clastic 
deposits is denoted by the present day eastward limit of lignite's. Close to palaeo-
shorelines two wells contain anomalously high proportions of kaolinite, up to 12% 
rock volume. Regionally the average kaolinite is <4% rock volume. This enhanced 
kaolinite percentage is related to the rapid flow of water through the sandstones in 
this area, 
Figure 7.7 Photomicrograph from well 22/20-3. This well is situated above a salt 
diapir. The photo illustrates the high percentage of quartz overgrowth now tightly 
cemented by late carbonate. 
Figure 7.8: Diagenetic exploration map of the Central North Sea. 
Area 1 Poor area resulting from meteoric flushing; Any hydrocarbons which 
migrated into this area are likely to have been severely degraded, high percentages 
of kaolinite may cause blocking of sand pore if clay migrates during oil production. 
Area 2 Poor area resulting from high amounts of carbonate concretions; These 
concretions may fill up to 10% of reservoir horizon and create permeability baffies. 
Early migrating oil may be degraded as well. 
Area 3 Poor area resulting from salt-diapir related diagenesis; Increasing quartz 
cementation (up to 7%) reduces porosity. Also enhanced volumes of late 
carbonates substantially reduce porosity within sandstones. 
Area 4 to 5 Poor area; concretions from these areas have similar geochemical 
compositions as area 3, though percentages of quartz cementation is not altogether 
clear as a result of lack of samples. 
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Best areas for exploration are situated; i) Away from meteoric water influence, a.."1d 
ii) within late oil migration routes, up dip from salt-diapirs. Forties Field 21/10 and 
22/6 is situated in such a position. 
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Figure 7.6 Isotopic data from carbonate separates 
indicate that pore-waters within Montrose Group 
submarine sandstones were influenced by a meteoric 
influx. During late Palaeocene a relative sea-level 
drop of 900m (Reynolds 1994) resulted in the 
progradation of a deltaic system (Moray Group) over 
the Outer Moray Firth. Introduction of meteoric 
water is inferred to have occurred during this period. 
Maps illustrate Sequence 3 and 8 (Andrew Fonnation 
and Moray Group equivalent) Stewart 1987. Meteoric 
flushing must have occurred before compaction of 
overlying Tertiary muds resulting in a regional seal. 
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Figure 7.1 Photomicrograph of late calcite enclosing kaolinite and 
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